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Abstract
Listeria monocytogenes is a gram-positive, food-borne human and animal pathogen. L.
innocua is a non-pathogenic species the most closely related to L. monocytogenes.
Comparative genomics between a pathogenic and a closely related non-pathogenic
species is a powerful approach for identifying genes or regions on the chromosome,
which might be involved in virulence. Therefore whole genome sequencing of these two
organisms was undertaken. The strategy used was based on a random approach
combined with end-sequencing of a medium insert library for the finishing phase.
Based on the available sequence data for these two species an in silico analysis for the
presence of genes putatively coding for internalins was undertaken. This analysis
identified several genes homologous to the internalin coding sequences which are
known virulence determinants of L. monocytogenes and also more than forty genes with
an LPxTG anchor motif which is a feature of some cell wall associated proteins of gram
positive organisms e.g. Internalins. Comparative in silico analysis of the two partially
sequenced genomes revealed that certain of these genes are specific to the pathogenic
L. monocytogenes and some to the non-pathogenic L. innocua. To investigate their
distribution among the genus Listeria, amplification of these genes using the
Polymerase Chain Reaction was carried out. This revealed a large degree of diversity
within this protein family among the different species. Furthermore, three genes specific
to L. monocytogenes, and two, specific to apathogenic species of Listeria were
identified.
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Introduction

1.Introduction

1.1 Listeria:

1.1.1. Historical Background and Taxonomy:

Listeriosis was first described in the early 1920's following an outbreak among rabbits
and guinea pigs. The causative organism was recognized as a completely new
bacterium by Murray et .aleven though the disease had probably occurred before
and been discussed under different names (Murray et al., 1926). The same organism
was observed in a human disease case in 1929 by Nyfeldt (Gray and Killinger, 1966).
Subsequently Listeria was found to cause abortion, encephalitis and septicaemia in
certain farm animals, and septicaemia, meningitis, abortions and stillbirths in humans.
The organism was first termed Listerella and the generic name was changed to Listeria
in 1940.

Listeria monocytogenes was the only recognised species of Listeria until 1961. L.
dentrificans, L grayi and L. murrayi were added to the genus in 1961,1966 and 1971,
respectively (Rocourt et al., 1982). L. dentrificans was later reclassified into the new
genus, Jonesia, and the former L. murrayi has been merged with L. grayi (Rocourt et al.,
1992). There are now six recognized species of Listeria with the addition of L. innocua,

L. seeligeri, L. ivanovii and L welshimeri (Jay, 1997). The six species may be
differentiated by their ability to utilise various sugars and their haemolytic properties.

Listeriae are short, regular rods with rounded ends. They are gram-positive, non
sporeforming, non-acidfast and are catalase positive and motile by peritrichous flagella.
They are both aerobic and facultatively anaerobic (Farber, 1991). Although Listeria
grows best in the pH range 6-8, some strains of L. monocytogenes can grow over the
pH range 4.1 - 9.6. Optimum growth temperatures for Listeria are 30-37°C but as the

organism is a psychotroph, it can survive for long periods of time at reduced
temperatures and has growth limits of 1-45°C.

1.1.2. Serotypes:

The six species of Listeria are characterized by the possession of antigens that give rise
to 17 serovars. This designation by Seeliger and Donker-Voet is based on 15 "O"
(somatic) antigens and 5 "H" (flagellar) antigens (tablel.1).

Designation of Seelinger

0 Antigens

H Antigens

1/2a

I, 11, (III)

AB

1/2b

1,11, (III)

ABC

1/2c

11. (HI)

BD

3a

II, (III), Iv

AB

3b

(III), Iv, (XII, XIII)

ABC

3c

(III), Iv, (XII, XIII)

BD

4a

(III), (V), VII , IX

ABC

4ab

(III), V, VI, VII, IX, X

ABC

4b

(III), V, VI

ABC

4c

(ni),v, VI

ABC

4d

(III),V, VI, VIU

ABC

4e

(iii),v, VI, (vni), (p()

ABC

5

(III), (V), VI, (VIII), X

ABC

7

(III),VII, VIII

ABC

6a

(III), V, (VI), (vn), (IX), XV

ABC

6b

(in), V, (VI), (vn), IX, x, xi

ABC

L. grayi

(III), XII, XIv

E

and Donker-Voet

Table 1.1. Serovars of the genus Listeria adapted from Farber, 1991. () implies these antigens are
not always present.

Among the six species of Listeria, only two are pathogenic; L monocytogenes is the
principal human and animal pathogen and L ivanovii is an animal pathogen and has
recently been implicated in a few human cases (Engelbrecht et al., 1998; Gouin et al.,

1994). L monocytogenes is represented by 13 serovars, some of which are shared by
the other species. L innocua has three serovars, L seeligeri has four, L welshimeri has
two and L ivanovii has one (table 1.2.). L innocua is regarded as the non-pathogenic
variant of L monocytogenes even though it only has three serovars (Jay, 1997).

Listeria Species

Serovars

Listeria monocytogenes

1/2a, 1/2b, 1/2c, 3a, 3b, 3c, 4a, 4ab, 4b, 4c, 4d, 4e, 7

Listeria innocua

6a, 6b, 4ab

Listeria welshimeri

6a, 6b

Listeria seeligeri

1/2b, 4c, Ad, 6b

Listeria ivanovii

5

1

Table 1.2. Serovars of Listeria species.

Typing of L monocytogenes is essential for searching the source of food contamination
in Listeriosis epidemics. Although serotyping is a useful preliminary tool in typing it has
its limitations. It lacks discrimination when used alone because three serotypes; 1/2a,
1/2b and 4b prevail in food and are responsible for nearly 95% of all reported cases of
human Listeriosis (Vines and Swaminathan, 1998). Serotype 4b has been responsible for
the four most recent major foodborne epidemics in North America (Wesley and Ashton,

1991).

Phage typing is a valuable tool for mass screening, which allows for further strain
subdivision, but not all isolates are phage typable (Margolles and Mayo, 1998). Molecular
techniques such as multilocus enzyme electrophoresis (MEE), ribotyping, restriction

techniques such as multilocus enzyme electrophoresis (MEE), ribotyping, restriction
enzyme digestion profile analysis (REA) by Pulsed Field Gel Electrophoresis (PFGE)
and randomly applied polymorphic DNA techniques have all been applied in Listeria
typing (Border <?/cr/., 1990; Brosch et al, 1994; Farber, 1991). REA appears to be very
promising used in conjunction with serotyping. The restriction endonuclease, Hha 1,
has been shown to offer the best discrimination of isolates from different outbreaks that
have the same serotype (Wesley and Ashton, 1991).

1.1.3. Pathogenicity and Virulence:

Listeria monocytogenes, the causative agent of human Listeriosis, is a facultative
intracellular parasite, able to survive and multiply within macrophages and also able to
invade non-phagocytic cells (Ireton and Cossart, 1997). L. monocytogenes has the unique
property of being able to cross three barriers: the intestinal barrier, the blood-brain
barrier and the placental barrier. As a food-borne pathogen, it gains access into the
host by crossing the intestinal barrier after ingestion of contaminated food (AlvarezDominguez et uL, 1997). There does not seem to be a preferential site of translocation in

the intestine but studies in animal models have suggested that enterocytes or M cells in
Peyer's patches may be the primary site of invasion (Ireton and Cossart, 1997). The
organism then invades tissues and disseminates via lymph and the bloodstream to the
liver and spleen (Cossart and Lecuit, 1998). In the liver in the mouse model, the Kuppfer
cells kill most of the bacteria within six hours. Surviving bacteria can infect adjacent
hepatocytes forming typical discrete foci. This step of bacterial multiplication in the liver
appears to be critical for the establishment of a successful systemic infection. In the
susceptible host the bacteria then disseminate haematogenously to the brain and
placenta.

The virulence of the organism depends on entry into the cell, escape from the
phagosomal compartment, intrasolic multiplication, resisting host defences and cell to
cell spread. In the case of phagocytes in the Lamina Propria, entry occurs directly into

1994). Listeria is able to induce its own internalization into normally non-phagocytic cell
types e.g. enterocytes, hepatocytes, fibroblasts and endothelial cells. At least seven
different virulence associated genes of L. monocytogenes have been characterized
(Vines and Swaminathan, 1998). These code for membrane-active exoproteins including

Internalin (Ini) A and InIB, both of which are involved in bacterial entry into host cells.
InIA is required for entry into intestinal epithelial cell lines by interaction with its receptor
E-cadherin. InIB plays a role in the entry into hepatocytes (Braun et ai, 1997; Ireton and
Cossart, 1997; Lebrun et ai, 1996). Another invasion protein secreted by all species of

Listeria is p60, a 60 KDa protein encoded by the Zap gene (Jay, 1997).

Following interaction of internalins with their receptors, the host plasma membrane
progressively enwraps the bacterium in a process referred to as a "zipper" mechanism.
Following entry, the bacteria reside within the membrane-bound vacuole for about 30
minutes before lysing these structures (Cossart and Mengaud, 1989; Ireton and Cossart,
1997). Virulence genes responsible for colonization and intracellular spread reside on a
gene cluster which includes the listeriolysin gene and two adjacent operons: the pIcAprfA operon and the lecithinase operon (Portnoy et ai, I992)(figure1.1.). PrfA encodes a
positive transcription regulator, pIcA encodes a phosphatidylinositol-specific
phospholipase C, mpl encodes a metalloprotease, actA encodes a surface protein
necessary for actin assembly, and pIcB encodes a lecithinase.

PrfA

plcA

hlv

mpl

actA

plcB

Figure 1.1. Virulence cluster of Listeria monocytogenes.

The hly gene encodes a haemolysin called Listeriolysin O (LLO), which is essential for
the lysis of the phagosomal membrane (Gouin et ai, 1994; Sheehan et a\., 1994). Once
free in the cytosol the bacteria replicate quickly and become coated with actin filaments.
These are assembled by the 90 KDa surface protein, which is the gene product of actA

(Kocks et ai, 1992). These filaments rearrange into a comet tail of polymerized actin that

propels the bacteria towards the host cell membrane, where they induce the formation of
bacterium containing protrusions (Pistor et ai, 1994; Smith and Portnoy, 1997). Contact
between these protrusions and neighbouring cells results in the internalization of the
protrusion. Lecithinase is thought to be involved in the escape from the doublemembraned vacuole. Thus the bacteria are disseminated directly from cell to cell,
effectively avoiding host defences such as complement and antibodies (figure 1.2.).

Figure 1.2. Successive steps in the infectious cycle of L monocytogenes and
proteins involved. Adapted from

Ireton and Cossart, 1997

1.1.4. Internalins.
Intracellular growth and cell to cell spread are critical for Listerial infection and are
mediated by virulence factors encoded on a virulence gene cluster. The genes include
pIcA, actA and pIcB and are transcriptionally regulated by prfA. However these genes
do not account for the intracellular parasitism of L. monocytogenes.

InIA was first identified in 1991, a gene whose protein product, Internalin A (InIA),
proved necessary for L. monocytogenes to invade cultured epithelial cells (Gaillard et al,
1991, Mengaud et a\., 1997). Maximum amount of exposed cell-associated internalinA
correlates with maximum invasiveness in epithelial Caco-2 cell lines {Conte et uL, 1994).
E-cadherin is the host-cell surface receptor, which interacts with InIA (Mengaud et al.,
1996). InIA is a 744 amino acid (aa) protein rich in serine and threonine residues.

InIA is composed of an N-terminal signal peptide followed by repeat regions which
account for two thirds of the protein followed by a C-terminal anchor region. The repeat
regions are designated region A and region B. Region A is comprised of 15 tandem
repeats of 22 aa each which are rich in leucine residues.

These highly conserved motifs called Leucine Rich Repeats (LRR) are found in a
diverse group of both prokaryotic and eukaryotic proteins and are usually associated
with strong protein-protein interactions. They are usually present as tandem repeats
varying in number from one to thirty (Kobe and Deisenhofer, 1994). The repeats generally
contain between 20-29 aa. Although the amino acid sequence homologies may not be
very strong, the relative positions of leucine and isoleucine residues are highly
conserved. The motif sequence in internalins is usually 22 aa long with a consensus
sequence as follows:

xxLxxLxLxxNxLxxLxxLxxL

The leucine may be substituted with an isoleucine or other aliphatic amino acids in some
cases. LRRs form structural units consisting of a short p-strand followed by an a-helix
and provide a versatile binding motif.

Region B is composed of three successive repeats the first two of 70 aa each and the
third of 49 aa. The C-terminus region of internalin contains an LPxTG motif followed by
a hydrophobic domain and 7 aa charged tail (figure 1.3.). This C-terminus motif is
common to many gram positive surface proteins (Dramsi et al., 1993). They are anchored
to the cell wall by proteolytic cleavage of the T-G bond of the LPxTG motif and covalent
linkage of the carboxylic group of the threonine residue to a free amino group in the
peptidoglycan (Navarre and Schneewind, 1994; Schneewind et al., 1993). A universal
mechanism of cell wall anchorage by a transpeptidase called Sortase occurs for these
gram positive proteins which include Protein A from staphylococcus and streptococcal
Protein M (Ton-That, H. et al 1999; Novick, 2000).

Signal sequence
anchor

Leucine-rich repeats
(n=2-15)

inter-repeat
region

B repeats
(n=1-4)

Cell wall
LPxTG

T~~r

EE
Figure 1.3.: Prototype of cell wall associated internalin

Southern blot analysis of InIA under low stringency conditions has revealed that it is part
of a multi-gene family. Recent studies have shown that there are two classes of
internalins; a group of large cell wall associated proteins (>50 kDa) and a group of
smaller proteins (<30 kDa) which are secreted (Engelbrecht and Dominguez-Bemal, 1998).
Both classes share highly homologous LRR units and LRR flanking regions and also an
N-terminal signal sequence. The small internalins (s-ini) lack the B repeat region and
cell wall anchor sequence and are thus secreted.

Directly downstream from inIA is another of the internalin family genes, inIB, which also
codes for a LRR protein. Internalin B is a 630 aa protein which has been shown to be
8

necessary for entry into cultured hepatocytes and some epithelial cell lines (Dramsi et
al., 1995; Gaillard et al., 1996). InIB is both secreted and found on the bacterial surface.
The protein contains seven LRRs but lacks the C-terminus LPxTG anchoring motif.
However it contains a region of 232 aa residues which is not present in any other
internalin and this region has been shown to be necessary and sufficient to anchor InIB
to the cell surface (Braun et al., 1997). The region contains tandem repeats of
approximately 80 aa beginning with the sequence GW. Similar repeats have been
found in the surface bacteriolysin of L. monocytogenes (Ami), and LytA, a
staphlococcal phage amidase.

The only secreted internalin which has of yet been identified in L. monocytogenes is
internalin-related protein A (irpA) also called InIC (Domann et al., 1997; Engelbrecht
1996). It is highly homologous to InIA and InIB and is present only in pathogenic

Listeria. It is transcribed by a PrfA-dependant promoter. The inIC gene codes for a 30
kDa protein that contains six LRRs and is found only in the culture supernatent. It is
expressed in the late stages of infection and therefore may not be involved in the
internalization process although it is required for virulence.

Four small secreted internalins, i-inIC, i-inID, i-inIE and i-iInF, have been identified in L.
ivanovii, which is the only other pathogenic species (Engelbrecht et al., 1998). These
genes are encoded by two PrfA-regulated loci and are believed to contribute to the
virulence of this animal pathogen. These genes are not present in L. monocytogenes.
Although i-inIC is homologous to inIC ot L.monocytogenes, no homologues of i-inID, iinlE or i-inlF have been found in L. monocytogenes. l-inIE contains two LRRs while the
other three each contain five LRRs.

Four new members of the internalin multigene family were described in L.
monocytogenes strain EGD in 1997 (Dramsi et al., 1997). These are designated lnlC2,
InID, InIE, InIF. The proteins display all the characteristic features of internalin, i.e. a
sigal sequence, two regions of repeats and a putative cell wall anchor. They are
encoded on two chromosomal loci with lnlC2, InID and InIE grouped together.

Simultaneously, studies on a similar internalin gene cluster of L monocytogenes EGD
led to the discovery of two new internalins. This region which is flanked by the same
genes as the inlC2DE cluster, is designated inIGHE (Raffelsbauer et al., 1998). The first
gene on the locus codes for InIG which is missing in the previously described locus. The
second gene, inlH was generated by recombination between homologous repeats which
led to an in-frame deletion of the 3'-terminal of inlC2 and the 5'-terminal of inID. The inIE
gene is the same in both studies (figure 1.4.). lnlC2, InID, InIE, InlF, InIG and InlH code
for proteins of 548, 567, 499, 821, 490 and 548 amino acids respectively. They all
display the features characteristic of the large-cell bound internalins.

Figure: 1.4. Internalin gene clusters: inlGHE and inlC2DE
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The genes from the inIGHE are present in most strains in contrast to the inlC2DE cluster,
which is only present in the EGD strain by Polymerase Chain Reaction (PCR) analysis.
These genes have been found to be expressed under PrfA-independant mechanisms.
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and the absense of some of the internalins on certain strains suggest that internalins
may be strain specific.

1.1.5. Clinical Infection:
Listeriosis is one of the most recently recognized and least well understood bacterial
infections of humans. This is partly due to the fact that Listeriosis is not characterized
by a unique set of symptoms because the course of the disease depends on the health
status of the host. Non-pregnant healthy adults are highly resistant to the disease.
L. monocytogenes is an opportunistic pathogen and the large majority of patients with
Listeriosis have an underlying condition which predisposes to infection by interfering
with T-cell immunity (Gellin et uL. 1991). The following conditions are known to
predispose to adult Listeriosis: neoplasia, AIDS, alcoholism, Non-Insulin dependant
Diabetes Mellitus, cardiovascular disease, renal transplant and corticosteroid therapy.

Cancer of the GIT has been found in 7% of patients with listerial endocarditis and a
strong relationship can be seen between Listeriosis and lymphomas (Carvajal and
Frederiksen, 1988). Immunosuppressive therapy and organ transplants have been linked

with numerous cases of Listeriosis and may be a reason for the increasing incidence of
the disease. Listeriosis in AIDS patients has accounted for the only reported cases of
human Listeriosis due to L. ivanovii (Engelbrecht et al, 1998).

Listerial infection is most common in extremes of age, with the highest incidence in
neonates followed by those over the age of 60, due to immaturity of the immune system
in the former and waning immunity and increased risk of malignancy in the latter.
Listeriosis manifests mainly as a CNS infection, with 73% of victims experiencing
meningitis, meningoencephalitis or encephalitis. Septicaemia and endocarditis are
other commonly found forms of Listeriosis. Pregnant females who contract the disease
may not present with any symptoms or may experience a mild flu-like illness. Abortion,
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premature birth or stillbirth is often the consequence of listeriosis in pregnancy (Jay,
1997).

New-borns infected with early-onset illness present shortly after birth, typically in
premature babies, with respiratory distress, pneumonia and diffuse micro-abscesses.
The disease is known as granulomatosis infantisepticum and has a high mortality rate
(McLauchlin, 1990). Late onset neonatal infection is more common and manifests as

meningitis in the 2'^^ - 4*^ week of life and has a better prognosis. It has also been
suggested that persistence of L. monocytogenes in the human genital tract may be
responsible for habitual abortions (Lorber, 1990).

There are also rarer forms of listeriosis affecting the skin, joints, heart, lungs, pleura,
intestine or peritoneum indicating that L. monocytogenes holds the potential to infect
multiple tissues (Alvarez-Dominguez ei al., 1997). Why the bacterium has a particular
tropism for CNS tissue is unknown. The outcome of listeriosis is determined both by
the type of infection and the underlying condition. The overall mortality rate is
considered to be greater than 20%, however mortality can be as high as 60% in cancer
patients (Cossart and Lecuit, 1998; Lorber, 1990). Treatment for listeriosis is usually with
coumermycin, rifampicin or ampicillin. A combination of aminoglycosides with ampicillin
is thought to be best. The effectiveness of therapy is somewhat reduced by the
compromised nature of the host.
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1.1.6. Epidemiology:

Listeria is an ubiquitous organism widely distributed in nature. Listeriae have been
demonstrated in soil samples, decaying vegetation, sewage, animal faeces, silage and
water. It is known that any fresh food of animal or plant origin may harbour L.

monocytogenes. In general, raw milk, soft cheeses, fresh or frozen meat, poultry, fruit
and vegetables are most commonly associated with L monocytogenes contamination.
Serovars 1/2 and 4 are most commonly found in food (Cossart and Mengaud, 1989). L.

innocua is also commonly found in meat and dairy products.

figure 1.5. Dissemination of Listeria in nature adapted from
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Audurier and Martin, 1989.

Because of its wide distribution in nature, Listeria is easily disseminated and the mode
of transmission in infection is often difficult to determine (figure 1.5.). The infection
pattern of human listeriosis appears to be composed of an endemic background made
up of sporadic cases with the occasional addition of limited numbers of epidemic cases.
Although Listeria has been recognized as a human and animal pathogen for over 50
years it is only since the recognition of common source food-borne outbreaks has the
interest and knowledge of listeriosis dramatically expanded.

Because of its sporadic and epidemic nature the number of cases are difficult to
estimate and as the incidence is low it is difficult to detect even an outbreak in a small
population. There was an increase in the 1980's in the developed world with severe
food-borne outbreaks both in Europe and the USA linked to dairy products. Some
outbreaks resulted in an increased number of perinatal infections while others primarily
affected immuno-compromised hosts. In the USA the mortality rate was 31% with an
estimated 400 deaths per year attributed to listeriosis. The incidence was 7/1000000
population with perinatal infections at 122/ 1000000 births. The foodborne outbreaks
have waned during the 1990's with estimated cases per million at 2-3 in the UK and 4 in
the USA.

It is not known how many sporadic cases are due to consumption of contaminated
food. It has been estimated that many individuals, between 1 -15% of the population
are asymptomatic carriers of L. monocytogenes in the GIT (Jay, 1997). Many of these
carriers are in high-risk groups but why some remain asymptomatic and some develop
systemic disease is unknown.

Apart from food-borne transmission, there is evidence of direct animal to human
infection. This results in cutaneous listeriosis, systemic listeriosis and listerial
conjunctivitis in livestock handlers. Up to 10% of healthy cattle and sheep are also
carriers of L. monocytogenes and may be an important reservoir of the bacteria but
cases of direct transmission are rare and their role in the transmission of Listeria to
humans is not well understood.
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1.1.7. Economic Impact:

Over the past decade Listeria monocytogenes has caused several epidemics in the
USA and Europe. Implicated in the transmission are such foods as fresh vegetables,
poultry and dairy products. As a result the organism has become increasingly
important in the clinical setting and a substantial problem for the food industry.

L. monocytogenes is estimated to cause 2000 illnesses annually in the USA and
although listeriosis is less common than other food-borne diseases such as
salmonellosis, it has a high mortality rate for at risk groups. This means that the
economic costs per case are high. Total costs including medical costs and costs due to
productivity loss are estimated at $500 million annually in the USA (Miller

1//,

1990).

Apart from the human illness costs due to food-borne disease, food contamination also
causes economic losses to industry. These costs can include recalling and destroying
contaminated products, reduced consumer demand due to an outbreak, costs of
investigating the source of contamination and the costs of cleaning up and perhaps
even closing the plant. There is also increasing risk of liability suits being filed against
food companies if an outbreak is traced to their product.

Some countries have established legal limits or guidelines on the numbers of
organisms permissible in certain types of foods. The USA employs a rigid "zero
tolerance" policy regarding L. monocytogenes in ready to eat foods, while other
countries allow certain numbers of organisms per gram of food (Farber, 1991). The
implementation of these standards and their surveillance and monitoring in food
production bears substantial costs for the public health sector and the industries
involved.
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1.2. Genomics:
1.2.1. History and Background;

The term genome, first used in 1920 by H. Winkler, was created from the words GENes
and chromosOMEs and implies the complete set of chromosomes and their genes. The
term genomics was proposed in 1986 for the discipline of studying genomes (McKusick,
1997). The introduction of sophisticated methods for automated DNA sequence
analysis over a decade ago together with more recent advances in robotics and the field
of bioinformatics have revolutionized this area of biology.

Initially, genome sequencing projects were confined to international research consortia
or large sequencing facilities such as The Institute for Genome Research (TIGR) in
Rockville, USA, and the Sanger Centre in Cambridge, UK. Increasingly, smaller
laboratories and biotechnology companies are successfully undertaking genome
projects. The improvements in technology allow for the completion of projects in an
increasingly shorter period of time.

The late 1990's mark the beginning of the new genomics era. For the first time in
history there is access to the entire genetic content of a growing number of living
organisms and the availability of a vast amount of sequence data has opened up a new
approach to research which could be called the third era of microbial science. The first
era was involved with the study of mutants with interesting phenotypes while the
second was involved in determining specific gene function using recombinant DNA
technology. In this third genomic era, functions of genes and sequence motifs will be
hypothesized using computer searches and then tested experimentally in the
laboratory. In the present genomic era, scientists will spend more time working in silico
rather than in vivo or in vitro as was the case in the past.
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genes determining host-parasite interaction, virulence, and all immunological and drug
targets as well as the normal "house-keeping" genes of the organism (Saunders and
Moxon, 1998). Various features of genome specific DNA patterns can be identified and

studied (e.g. G+C content, codon usage, signal sequences and promoters). Availability
of the entire genome sequence of various organisms allows for the identification, by
comparison, of orthologues, conserved genome organization and differential genome
analysis.

1.2.2. Genome Projects to date:

The sequencing of the first complete genome of a cellular life form was completed in
July 1995 with that of the 1.8 Mb sequence of Haemophilus influenzae. This was an
important landmark in microbiological research. The complete sequence of the 0.58 Mb
Mycoplasma genitalium followed in less than three months. The number of bacterial
genomes completely sequenced or in progress continues to increase with 21 completed
and over 50 in progress. The two projects that were initiated first and have since been
completed are those of Escherichia coli K12 and Bacillus subtiius. These represent the
most completely studied Gram negative and Gram positive bacterial species. The
sequences of most of the important human bacterial pathogens as well as a number of
other species of biological and commercial interest will be completed by the year 2000.
Bacterial genomes completed to date are listed below (table 1.3.). A frequently updated
listing together with a listing of microbial genomes and chromosomes in progress is
available at The institute for Genome Research website (www.tigr.org/tdb/mdb).
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SIZE

PUBLICATION

(Mb)

DATE

Haemophilus influenza Rd

1.83

1995

Mycoplasma genitalium

0.58

1995

Methanococcus jannaschii

1.66

1996

Synechocystis sp.

3.57

1996

Mycoplasma pneumonia

0.81

1996

Saccharomyces cerevisiae
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1997

Helicobacter pylori

1.66

1997

Escherichia coli

4.6

1997

Methanobacterium thermoautotrophicum

1.75

1997

Bacillus subtilis

4.2

1997

Arecheoglobus fulgidus

2.18

1997

Borrelia burgdorferi

1.44

1997

Aquifex aeolicus

1.5

1998

Pyrococcus horikoshii

1.8

1998

Mycobacterium tuberculosis

4.4

1998

Treponema pallidum

1.14

1998

Chlamydia trachomatis

1.05

1998

Plasmodium falciparum Chr2

1.0

1998

Rickettsia prowazekii

1.1

1998

Helicobacter pylori

1.64

1999

Leishmania major Chr^

0.27

1999

Thermatoga maritima

1.86

1999

Neisseria meningitides

2.18

2000

Borrelia burgdorferi

1.44

2000

Campylobacter jejuni

1.64

2000

Chlamidia pneumoniae

1.23

2000

Chlamidia trachomatis

1.05

2000

Vibrio cholera

4.0

2000

GENOME

Table 1.3. Genomes sequenced to date

1.2.3. Ordered Clone vs. Random Shotgun sequencing approaches;

Two different strategies have been used in whole genome sequencing. The first
method is the ordered clone approach, which involves the preparation of a large insert
library to construct a map of clones covering the whole genome. The clones can be
ordered using restriction fingerprinting and hybridization mapping. This method was
successfully used to sequence C. elegans and M. tuberculosis (Cole etal, 1998;
Hodgkin, 1999).

The other strategy is the direct shotgun sequencing approach, which does not require a
map to be constructed prior to sequencing. Large numbers of clones from different
libraries representative of the whole genome, are sequenced and assembled into
contigs with most of the genome sequenced several times, in an initial random phase.
The contigs are then assembled and joined together in a finishing phase using more
directed approaches of gap closure e.g. DNA hybridization, PCR and computer
programs, to obtain the entire genome sequence in a single contig.

The two programs that were initiated first were those of E. co//and B.subtilis using an
ordered clone approach which involved sequencing sub-cloned X inserts of known
chromosomal position. The H. influenzae and M. genitalium projects were carried out
using a random shotgun approach and were the first genome projects to be completed
(Tang et al., 1997). This demonstrated that whole bacterial genomes could be
sequenced quickly and relatively inexpensively. The rapid success of the H.influenzae
project obviated the need for the time-consuming step of ordering clones which, up to
then, was believed to be a prerequisite for genome sequencing. The random shotgun
approach also reduced the problem of unclonable DNA, which made the completion of
physical maps difficult.
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1.2.4. Genome Databases;

Most sequence information available at the moment is produced by genome sequencing
projects. Once sequence information is available it is deposited in a data bank where it
can be accessed freely in the public domain via the world wide web (Rastan and Beeley,
1997). Several specialized bacterial genome databases exist that are actively
maintained and updated e.g. E.coli database maintained by the University of Wisconsin
(www genetics.wisc.edu:801. B.subtilus database maintained by the Pasteur Institute
(www.pasteur.fr/Bio/SubtiList.html) and H.influenza database (www.tigr.org/gdb/mdb/hidb)

which is maintained by The Institute for Genome Research (TIGR). The GenBank
database has recently established a "genomes" division, which represents completed
genomes (Koonin etal., 1996).

The value of stored sequences is greatly increased by their functional annotation.
However both manual and automatic annotation are associated with inaccuracies
e.g. functional assignments obtained by automatic homology searching are often not
labelled as such and may be misleading as homology does not necessarily imply
function (Bork et ai, 1998). However once these limitations are taken into account,
databases are an invaluable tool and source of information to the researcher.

A small amount of DMA sequence can provide a view of an entire gene and its
neighbours very quickly with the aid of a database. This is useful in designing
experiments to deduce gene function as the presence of motifs or homology to known
genes may suggest possible biochemical activities. Also, motif based searches can be
carried out on the genome to identify candidate genes if a particular function is
suggested by a conserved amino acid or nucleotide sequence. Databases of model
organisms (e.g. C.elegans and E. coli) are extremely useful for studying evolutionary
relationships in addition to being a reference point for the investigation of gene functions
for newly sequenced organisms.
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1.2.5. Gene Prediction by homology searching:

Once a genome sequence has been determined, an immediate task is to identify and
annotate all the genes. This is initially carried out by homology searching. If a putative
protein encoded by an uncharacterized open reading frame (ORF) shows statistically
significant similarity to a protein of known function, it proves that the ORF in question is
a new gene and predicts its likely function (Fraser and Fleischmann, 1997). About 60% of
the ORFs of H.influenzae’s 1743 putative genes have been assigned functions largely
on the basis of sequence similarity with genes in other organisms.

Programs such as BLASTX (Altschul etal, 1997) are the methods of choice for initial
database screening. These translate the quer^/ nucleotide sequence in all six reading
frames and compare the resulting putative protein sequences to the protein sequence
database. But annotation based on homology data alone often leads to incomplete or
even erroneous indications of gene functions. For example it may take only a few
amino acid changes in an enzyme's active site to change its substrate specificity. So
although there may be high homology, the best match for a gene may not be its true
orthologue (Saunders and Moxon, 1998). It is also difficult to conclude that a metabolic
function is absent from an organism on the basis of homology searching (e.g. unrelated
or highly divergent enzymes overlooked by the search might be present which carry out
the function). Direct comparative analysis has shown that orthologues can have
sequence identity as low as 18% and gene function can be complemented by proteins
with as little as 23% amino acid homology.

Despite its limitations homology based annotation provides valuable starting
information for gene prediction. Many proteins are multi-domained and known domains
can be searched for using programs such as ProSite, BLOCKS or PRINTS which are
databases comprised of protein patterns or profiles (Bairoch etal, 1997, Henikoff and
Flenikoff, 1991, Attwood et cil, 1998). Functional information is available for more than
60% of E.coli genes based on experimental studies. About half the remaining 40% can
be attributed functions using database search methods such as BLAST, FASTA, motif
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analysis (e.g. PROSITE) and multiple alignment methods. It is thought that up to 75%
of the proteins of a newly sequenced organism, on which no protein function
information is available can be assigned putative functions on the basis of the
homology searching methods described above.

1.2.6. Orphan Genes:

A fairly consistent proportion (40%) of ORFs in each newly sequenced genome cannot
be ascribed functions using conventional methods of homology searching. Often, as in
the case of Haemophilus, a certain proportion of the ORFs has homologues in other
species although their functions remain unknown (Tang etal, 1997).

These so-called "orphan genes" are of considerable interest as their investigation could
lead to the revelation of a great deal about bacterial physiology. These genes might
also be non-functional "pseudogenes" or because related genes have not been
identified by mutational analysis in model organisms e.g. B.subtilus, they might be
redundant, be required for growth only in that particular species, or mutations in the
genes might be lethal for the cell. In pathogenic bacteria they might act as
determinants of virulence or host adaptation. A systematic approach must be taken to
the study the “orphan genes" of a completed genome and catalogue the role of each as
has been carried out for yeast (Goffeau et al, 1996).

1.2.7. Comparative Genomics:

The availability of the sequences of the two whole bacterial genomes first to be
sequenced marked the beginning of a new era of comparative genomics. H.influenzae
and M.genitalium\Nere compared and a catalogue of genes conserved in both
organisms was compiled (Strauss and Falkow, 1997). A minimal gene set required for
cellular life was deduced by adding genes to fill the missing steps of metabolic
22

pathways which are different in the two bacteria and subtracting redundant and host
specific genes. This gave a number of 256 genes required for independent living with
an approximate genome size of 315 Kb based on the Mycoplasma data. By subtracting
this list from a test organisms completed genome it should reveal features that specify
phenotypic characters which are unique to the organism (Koonin et ai, 1996).

A comparison of complete genomes identifies orthologous genes and conserved
proteins can be divided into broad categories based on the functions of their
orthologues. This is particularly useful when comparisons are made with a model
organism. When the genomes of H.influenza and M.genitalium were compared with
E.coli genes it was found that the components of the translation machinery along with
the replication and transcription systems are the most highly conserv'ed. Molecular
chaperones involved in protein folding and assembly are also well conserved.
M.genitalium appears to have a minimal metabolism as all other functional categories of
proteins are dramatically reduced.

It is very relevant to note which genes are absent in a genome. For example, the
ribosomal protien SI is absent in Mycoplasma. This is a domain, which was previously
thought to be ubiquitous but was later found not to be essential for cell function (Koonin
et al., 1996). Availability of a number of genome sequences allows the study of genome

organization. The gene order, operon arrangement, and the direction of transcription in
relation to the origin of replication of the bacterial chromosome vary between bacteria,
although the significance is unclear.

Nucleotide frequencies are a feature of genomes, which have long been studied even
before genome sequencing began. Both intra- and inter-genome biases in nucleotide
frequencies exist and can be an aid to gene and function prediction. Some bacterial
species show biases in nucleotide frequencies of the leading and lagging strands of
replication. These can be correlated with a bias in the coding densities e.g. in
B.subtilus. By searching the genome for regions in which the G+C content diverges
from the rest of the chromosome, recent horizontal transfer of genes can be identified.
23

Variations in codon usage also point to horizontal transfer e.g. 10 -15% of E.coli genes
are thought to consist of recent horizontally transferred genes on the basis of variations
in codon usage (Bork etal., 1998). These variations which point to horizontal transfer
also give some clues as to the function of the genes as these genes are unlikely to be
involved in core cell function and are usually relatively expendable.

1.2.8. Motifs and Repetitive DNA;

Sequence motifs have been identified in bacterial genomes and associated with various
cellular activities. A notable example is that of DNA uptake in Haemophilus. This DNA
uptake signal sequence (USS) is a motif consisting of a 9 bp core within a larger
consensus region and is important in mediating the uptake of homologous DNA (Tang et
al., 1997). This motif is dispersed throughout the chromosome and constitutes a large
proportion of the genome.

Motif searching within a genome can also lead to the discovery of paralogous genes
i.e. genes related to other genes of the same organism. These paralogous clusters are
usually small (2-4 members) but may be comprised of up to 100 genes e.g. membrane
ATPases in E.coli {Koonin et al, 1995).

The presence of repetitive DNA, while much less frequent in Prokaryotes than in
Eukaryotes, is worth noting as it is an important mechanism by which phase variation
occurs (Saunders and Moxon, 1998). Tetranucleotide repeats have been found in some
virulence genes that increase variability by slipped-strand mispairing. Whole genome
comparison has also shown that repetitive elements are “hot-spots” for genome
rearrangement via recombination (e.g. in Mycoplasma) (Hood et al, 1996).
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1.2.9. Regulatory regions;

The identification of regulatory regions in a genome is an important indication of gene
expression, repression and co-expression patterns. They can be identified by
computational analysis using known structures (e.g. promoters, terminators and
enhancers) as templates and performing simple consensus searches (Dandekar etal,
1998). Experimental methods and comparative analysis of genomes may identify novel
regulating regions if, for example, co-expression patterns are found.

The upstream regions of orthologous genes identified by genome comparison can be
screened for common regulatory signals. Regulatory signals are not very highly
conserved in Prokaryotes however. But the increasing number of completed genomes
allows for their better detection using multiple alignments e.g. the comparison of
orthologous regions from all completed gram negative bacteria (Bork etal, 1998).

1.2.10. Bacterial Evolution and genomics;

A new hypothesis was proposed in 1977 by Carl Woese that all living systems are
derived from one of three lines of descent (1) the eubacteria (2) the archea and (3) the
eukarya. This was contrary to the widely held view that all living systems originated
from either prokaryotes or eukaryotes. This three-domain hypothesis was based on
ribosomal RNA sequence comparisons and though they were not widely accepted at
the time they were completely validated with the publication in 1996 of the genome
sequence of Methanococcus jannaschii{Bu\t etal., 1996).

M. jannaschii is an archean isolated from a deep-sea hydrothermal vent in 1982. Using
comparative genomics it was found that some aspects of the genome resembled that of
a eukaryote (e.g. translation and transcription machinery), while some genes have only
bacterial homologues and about 50% of genes are completely novel. Study of the
recently completed genome of the thermophile Thermatoga maritima has led to further
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insights into bacterial evolution. This bacteria which was isolated from hydrothermal
vents and has the ability to degrade certain polysaccharides and shows similarities to
archea and eubacteria. Comparison of its genome sequence with that of other bacteria
support the theory of lateral transfer between bacteria in the same environment (Nelson
et al., 1999).

Study of orthologous genes is also important in evolutionary biology. Orthologues are
genes whose independent evolution reflects a speciation event rather than gene
duplication and are likely to perform the same function in various species. Having
diverged relatively recently they usually have the highest level of pairwise similarity
between genomes (Bork etai, 1998).

Orthologues can provide information about the evolution of gene regulation by
comparing 5'- and 3

regions to obtain information about repressor, promoter and

operator evolution. A comparison of the arrangement of orthologues e.g. into operons,
in a variety of organisms may reveal any gene-shuffling, which has occurred during
bacterial evolution. G+C content and codon usage can also assist in evolutionary
studies as can the identification of paralogous clusters. Complete genome
comparisons allow more accurate assessment of evolutionary relationships that were
previously based on MEE or limited sequence data and it is also of use in the study of
specific gene origins (Tang et al., 1997).

1.2.11. Virulence:

Differential genome analysis identifies by comparison, genes, which are not shared
between two genomes. These genes are usually responsible for species-specific
phenotypes. Many bacterial virulence genes are found as discrete segments, present
in pathogenic organisms but absent from non-pathogenic members of the same genus
or species. This can be seen in the comparison between the relatively benign E.coli
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and the pathogenic H.influenza. A large fraction of the genes in Haemophilus for which
there are no homologues in E.co//have been found to be factors associated with host
interaction (Huynen et ah 1997).

Regions of the genome, which have divergent G+C content and often distinct codon
usage, can be identified. When these regions contain virulence genes they are termed
Pathogenicity Islands. This is a useful means of identifying potential virulence
determinants which have been acquired by horizontal transfer e.g. pathogenicity
islands of Salmonella enteritica serotype Typhimurium (Bork etal., 1998).

Pathogenicity of an organism can sometimes be dependent on a single virulence factor.
The inheritance or alteration of this virulence factor can then profoundly affect the
infectious process in the host. For example, enteropathogenic E.coli (EPEC) and
Enterohaemorrhagic E.coli (EHEC) share many virulence factors, but due to the
inheritance of a Shiga-like toxin in EHEC, they have distinct infectious processes in the
host. If both genomes had been available, the significance of the toxin could have
been deduced by comparison (Strauss etal, 1997).

For pathogenic bacteria that move between the host and the environment, the ability to
adapt to changing environments is particularly important. Invading pathogens may vary
cell surface structures during infection to permit survival in different host environments
or to generate antigenic diversity to evade immune response. Genes involved in this
adaptation process are therefore considered as candidate virulence genes. They are
usually phase variable due to the presence of relatively unstable repeat motif elements,
which allow for slipped-strand mispairing. Searching a genome for these elements can
locate phase variable genes without knowledge of their function or homology. This
strategy was used in Haemophilus and Neisseria to identify phase variation of Lipopolysaccharide (LPS), a molecule that functions in pathogenesis. A total of 25 genes
involved in LPS biosynthesis were then identified in Haemophilus by homology
searching and by insertional mutagenesis. The functions of each gene in the LPS
pathway were elucidated.
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A sequenced strain, however, only represents the genetic complement of a single strain.
It is not known to what extent it is representative of the larger population. The
sequenced strain may or may not be pathogenic but even if it is, it will not include all the
coding potential present in the total population of the organism. Comparisons between
pathogenic strains and non-pathogenic counterparts are important (e.g. Listeria
monocytogenes and Listeria innocua) Unfortunately sequencing of multiple strains of
the same bacteria is not feasible at present with existing technology. One alternative to
sequencing multiple strains is to perform partial sequencing with 2-3 times coverage of
a genome and using this data to permit comparisons with a fully sequenced strain e.g.
the comparison of Bordatella parapertussis with B. pertussis (Saunders and Moxon, 1998).

1.2.12. Post-genomic Analysis;

With the completion of increasing numbers of bacterial genomes and an abundance of
available sequence data, we are now entering a post-genomic era where the main goal
will be to bridge the gap between genotype and phenotype. Post-genomic analysis will
aim to elucidate the gene(s) responsible for certain phenotypes, proteins, metabolic
and other pathways, targets for drugs etc. Currently this is the area of whole-genome
sequencing where a significant bottleneck exists. This is due mainly to a lag period in
which the methodologies required to process the volume of sequence information are
being developed. Such methodologies include various types of expression analysis
and proteomics (Koonin etal, 1996).
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1.2.12.1. Expression analysis;

In the future, using the complete genome sequence of any organism, it is possible to
precisely define which genes are expressed under any particular set of conditions. At
least three different approaches have been developed to identify genes, which are
expressed during the course of infection.

Signature Tagged Mutagenesis (STM) determines whether disrupting a gene adversely
affects its survival. In STM each mutant in a complex library of mutants is marked with
a unique oligonucleotide sequence. The bacterial mutants are passed through a host
and if a gene is absent after passage, the mutation may be in a gene which is essential
for survival. STM has been used in this way to identify genes required for the
establishment and maintenance of infection e.g. pathogenicity island in Salmonella
(Allsop, 1998).

In Vivo Expression Technology (IVET) was devised to specifically identify genes
induced during infection and at which stage of infection expression occurs (Strauss and
Falkow, 1997). Differential Fluorescent Induction (DFI) is another approach, which
focuses on infection-specific processes as it uncouples metabolic requirements from
selection parameters (Valdivia e/r//, 1996).

Another method of global analysis is to look at expression patterns of RNA or proteins.
This can be achieved by amplification of whole genes or fragments from the genome.
Reverse transcriptase (RT) polymerase chain reaction (PCR) products from bacteria
obtained under varying conditions are then hybridized against the genes or fragments
in a Southern blot (Fraser and Fleischmann, 1997).

A simpler and less expensive alternative is the "DNA chip" which provides a major tool
for analysing tens of thousands of newly identified genes. A single “DNA chip” can
house several hundred specially sythesized oligonucleotide probes on a small surface
area. When combined with gene disruption techniques the “DNA chip” can detect
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polymorphisms between strains and can quantitatively assess the phenotype of an
ORF. This technique is at the forefront of functional analysis in the post-genome era
(Brown and Botstein, 1999).

DNA micro-arrays provide another simple and comprehensive method of systematically
exploring the genome. DNA micro-arrays consist of thousands of discreet DNA
sequences e.g. all known genes of a model organism. The relative abundance of these
genes in two DNA or RNA samples from different cell populations can be compared by
labelling the two samples with different fluorescent dyes, before pooling them and
hybridizing on the DNA spots. Different attributes of genes, ranging from transcription
and translation, to the subcellular localization of their products, to their genotypes and
mutant phenotypes can be studied conveniently and economically on a genome-wide
basis using DNA micro-arrays (Brown and Botstein, 1999).

1.2.12.2. Proteomics:

Proteomics focuses on the protein products of the genome and their interactions rather
than on DNA sequences. It is a complementary approach to genomic and nucleic acid
analysis. Proteomics has progressed from simple 2D-gel electrophoresis to include
transcript profiling, investigation of total protein content of a cell and its response to
changing conditions (Allsop, 1998).

Genome sequence data is useful in direct protein analysis as it can generate molecular
weights (Mr) and isoelectric points (pi) of proteins to aid protein location in 2Delectrophoresis. Integration of 2D-electrophoresis databases and genome sequence
information has generated a very powerful tool to investigate bacterial responses during
the infection process.

The newly developed "protein chip" which can separate proteins on the basis of
physical interactions with the chip surface will in time supercede the more expensive
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and laborious 2D-electrophoresis method. Chips of this type have already been
constructed using gene sets prepared from sequenced bacteria (Fraser and Fleischmann,
1997). All of the above technologies are potential tools in exploring and elucidating
functions of genes generated by whole genome sequencing.

1.2.13. Practical value of microbial genomes:

The explosive growth of knowledge of microbial genomes is having a “snowballing
effect” on the practical benefits to be derived from genome sequencing. Microbial
genomics not only reveals information about specific genes of an organism but also
features about the entire genome sequence. This information has many applications
particularly in the healthcare sector. Fully sequenced microbes can be used as models
for research aimed at completely understanding the biology of any living organism(s)
including human cell biology and pathology. This stategy can also be used as a source
of genes and as models for the construction of artificial genomes. Knowledge of
microbial pathogens can contribute to the production of new agents for fighting disease
such as antimicrobials and vaccines.

1.2.13.1. Genome Sequencing and Antimicrobial Development;

Over the past few decades, pharmaceutical companies have faced the challenge of
producing new antimicrobials. The continuous need for new antibacterial drugs stems
from the increasing problem of drug resistance. Multi-drug resistant pathogens have
evolved causing serious clinical problems, which can only be solved by the
development of novel agents with new mechanisms of action (Allsop, 1998; Daly etal,
2000). Examples of reemerging resistant strains include Mycobacterium tuberculosis,
Streptococcus pneumoniae and Yersinia pestis.
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Random screening for new active molecules together with the search for derivatives of
existing drugs have been the most widely used and successful strategies for drug
discovery to date. The availability of complete bacterial genome sequences has opened
up new strategies for antibacterial drug hunting. Identification and evaluation of drug
targets together with preclinical optimization of targets have benefited these
approaches.

Whole genome sequencing has suceeded classical genetics, allowing the study of
gene function (e.g. paralogous genes whose functional redundancy makes them
unsuitable as drug targets). Also, as one third of the genes in a newly sequenced
genome have unknown functions, it raises the question whether these genes are
involved in host-pathogen interaction. Characterization of those genes involved in host
interaction should facilitate the understanding of virulence and contribute towards the
design of new therapeutic approaches. Once the whole genome sequence of a
pathogen is known, gene-targeted disruption and modification can be carried out to
explore the timing and occurrence of gene expression.

Studying genes of known function is another useful approach for drug discovery.
Essential genes of a microbe (e.g. metabolism and compartmentalization), can be
effectively targeted by drugs.

The ability to compare information on specific genes between model organisms and
clinical pathogens can often indicate potential function and suitability as a drug target.
Advances in genomics have also led to an increased understanding of drug specificity,
which was one of the limiting factors in drug design previously (Danchin er <7/., 1998).
Now bacterial proteins can be compared against human data banks to search for the
nearest homologue and evaluate the risk of cytotoxicity. Improved technologies in
gene expression and protein profiling can be used together with genome sequence
information to define or mark both virulence and "essential” genes as potential drug
targets.
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1.2.13.2. Implications of bacterial genome sequencing for vaccine development:

Genome analysis may also be of value for identifying those genes whose products
might be useful in the development of new vaccines. Together with the availability of
the entire genome sequences of a number of pathogens, advances in bioinformatics
have aided direct insights into host-bacterial interactions, virulence and physiology
(Danchin et al., 1998).

Proteins that are potential vaccine candidates can be revealed by homology searching
and structural prediction. Their vaccine potential may be based on similarities with
immunogenic structures such as cell-surface molecules, on other bacteria or because
they are found to be non-essential for survival but play a major role in virulence.
Careful selection and deletion of such genes may provide an avirulent strain in a short
time, obviating the need for extensive selection and screening.

A systematic approach using both computational and experimental analysis is required
to focus on the most suitable candidates. The development of DNA vaccines has also
benefited from whole genome sequencing. Genes from completed genomes can be
used to screen gene libraries for induction of protective immunity (Johnston et al, 1997).
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1.3. Listeria sequencing projects:

1.3.1. The Listeria monocytogenes project:

The sequencing of the Listeria monocytogenes genome, begun in April 1998, is being
carried out by a consortium of European laboratories located in France, Spain and
Germany. The project is funded by the European Community and co-ordinated by the
Unite des Interactions Bacteries-Cellules at the Institute Pasteur, Paris. The project
life-span is estimated at two years.

Listeria monocytogenes is an important pathogen and the elucidation of its genome will
have many applications. It is the aetiological agent of listeriosis, which is a lethal foodborne infection with an estimated mortality rate of 30%. This organism is of major
concern to public health, the food industry and to veterinary physicians. Listeria
monocytogenes has a significant economic impact.

L. monocytogenes is one of the best known intra-cellular pathogens and provides a
model system for the study of intra-cellular parasitism. Physical and preliminary genetic
maps of strain L028 have already been established (Jonquieres etal, 1998). The circular
genome is 3.15 Mb in size with a G+C content of 38%. A well-characterized virulent
strain of Listeria, EGD-e, was chosen as the candidate for genome sequencing.

Initially a random shotgun sequencing strategy was used for this project. This
approach has several advantages including speed, cost and no requirement for
detailed physical and genetic maps. Libraries were designed to have maximum
coverage of the genome and to obtain a scaffold of contigs to facilitate the finishing
phase. The quality of these libraries is essential for the success of the project. Quality
control checks were carried out at all points in the project thereby guaranteeing the
accuracy of the finished product.
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Briefly the essential steps in the early phase of the project can be summarized as
follows. It was anticipated that the majority of sequences would be obtained from small
insert (1.2-2 Kb) libraries. An initial library was constructed at the Pasteur Institute was
distributed to all the other participating laboratories with a second library constructed
as a backup. To avoid the problem of co-cloning and to guarantee high quality
sequences, a procedure based on BstX1 adaptor ligation was used in a high copy
number plasmid (a pUC derivative). A medium sized insert (8-10 Kb) library was
constructed at Pasteur using a partial fill-in method. Large fragment (40 Kb) libraries
were constructed using low copy number vectors (e.g. Cosmids and BACs), to provide
a scaffold for contig assembly (see Section 3: Results; 3.1.1. Library construction).

Sequencing has been undertaken by all project partners. All clones were sequenced
from both ends using automated sequencers to give average reads of between 400 and
500 bp. Sequence traces were sent directly as Standard Chromatogram Files (SCF)
from the outlying laboratories to Pasteur where they were organized into a database. A
base-calling step is carried out here using Phred software to assign a quality value to
each base in a sequence. The vector sequence is masked using a cross-match
program and the average quality of the sequence evaluated using the Sequel program.
Sequences must be above a set threshold quality value prior to being accepted, for
inclusion in the database.

Assembly was carried out twice monthly at Pasteur using the Phrap software.
Assembly with other software (e.g. TIGR assembly) will be carried out and the results
compared to those with Phrap, at a later stage. When genome coverage of seven
times has been reached, there will be a switch from the random phase to a more
directed approach. Contig joining is a critical step in obtaining a single contig covering
the entire chromosome of Listeria.

The first step of joining contigs involves various mapping strategies. Super contigs will
be constructed using linking clones (i.e. clones with one end in one contig and the other
end in another contig), from the large and medium insert libraries with the GFP
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program. BLASTN and BLASTX similarity searches will be performed on the extremes
of each contig to identify proximity. Hybridization experiments using BAG clones as
probes may also be carried out.

The gaps between contigs will then be sequenced by primer walking after PGR
amplification between two adjacent contigs or determined directly if contigs are linked
by more than one linking clone. Gontigs mapped after BAG hybridization will be joined
using multiplex PGR and the resulting PGR products sequenced. Gontigs which have
not been mapped at this stage will be extended by inverse PGR and sequencing of the
PGR product.

Annotation of the Listeria genome firstly involves identification of putative coding
sequences (GDS). Open reading Frames (ORFs) in all six frames are identified and
those, which are at least 100 codons in length, are analysed for start codons and
putative ribosomal binding sites (RBS). Similarities of predicted GDS to known gene
products using BLAST2X software (Altschul etal, 1997) will also be used to assign
ORFs. As it is likely that less than two thirds of GDS will be identified in this way,
statistical approaches will also be included (e.g. GeneMark software). The IMAGENE
software will be helpful to combine these methods. The sequence will then be fully
annotated by searching for similarities with known proteins to suggest putative functions
where possible using the BIOSGOUT algorithm. Finally the fully annotated sequence
will be made available to the scientific community in a user-friendly database via the
World Wide Web.

1.3.2. The Listeria innocua project:

The project to sequence the entire genome of Listeria innocua was begun in November
1998 in the Laboratoire de Genomique des Microorganismes Pathogenes at the
Institute Pasteur in Paris. L. innocua species was first proposed in 1977. It differs from
L. monocytogenes in that it does not haemolize red blood cells and it is not pathogenic
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in any system except by direct inoculation into suckling mouse brain. In contrast to L.
Monocytogenes, L. innocua is serologically different. Listeria innocua is regarded as
the non-pathogenic variant of L. monocytogenes. The habitat of the organism is soil
and vegetation, but L. innocua strains have appeared as sporadic contaminants in
various cheeses, meats and dairy products.

The sequencing of Listeria innocua is being carried out using a random shotgun
approach similar to that of L. monocytogenes as described in the previous section. It
differs however, in that medium and large insert libraries have not been prepared.
Methods of gap closure, which do not rely on the existence of a scaffold, will be used to
join the contigs and complete the assembly by primer walking.

The availability of the sequences of Listeria monocytogenes EGD (1/2a) and Listeria
innocua will allow comparative genomic analyses between a pathogenic and a nonpathogenic strain. The results from this comparison should help to uncover new
putative virulence determinants of L. monocytogenes and aid the study of the exact
mode of action of known virulence genes. The inter-species comparison may also help
to identify specific characteristics of strains, which are involved in food-borne outbreaks.
The long term results from this project will hopefully be to improve consumer protection
from food-borne listerial infections, aid the detection and identification of strains which
cause contamination on the food industry and to help establish new therapeutic tools.
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1.4. Molecular methods of analysis:

1.4.1. Molecular Cloning:

Molecular cloning of a fragment of DNA is a means of producing limitless amounts of
identical copies of the original molecule. Once the DNA segment has been cloned its
properties can be characterized. The basic principles of molecular cloning are
illustrated in figure 1.6.
1) A DNA fragment is inserted into vectors e.g. plasmid or phage, to form a hybrid or
chimeric molecule.
2) The recombinant vector is transformed into a host cell e.g., where it replicates
independently.
3) Copies of the original foreign DNA fragment can be retrieved from the progeny and
analysed by various methods depending on the required application.

1.4.1.1. Methods of analysis of cloned DNA;

Cloned DNA fragments can be subsequently analysed by any of the following methods:
1) Agarose gel electrophoresis to determine the size of the cloned insert
2) Nucleic acid blotting to detect homology between selected nucleic acid sequences
3) DNA sequencing to determine the nucleotide sequence by automated fluorescent
sequencing methods
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1.4.1.2. Preparation of random DNA fragments for cloning:

Chromosomal DNA can be randomly fragmented and used in the preparation of a DNA
library by any of the following methods:
1) Nebulization
2) Sonication
3) Restriction enzyme digestion
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1.4.1.3. Cloning vectors for small-insert library construction:

Small insert (1-2 kb) libraries are generally constructed in high copy-number plasmids.
Plasmids are small circular double-stranded DNA molecules, which individually contain
very few genes. They are stably inherited in an extra-chromosomal state. Examples of
naturally occurring plasmids are those carrying drug-resistance genes and those
carrying the sex factor (F). In order to adapt natural plasmid molecules as cloning
vectors, several modifications are normally made. A short (-30 bp) synthetic sequence,
which contains a series of unique restriction sites for a variety of common restriction
enzymes, is inserted. This is called a Multiple Cloning Site (MCS) polylinker. An
antibiotic resistance gene (e.g. B-lactamase encoding ampicillin resistance) is inserted
and host cells naturally sensitive to the drug are used so that transformation by the
vector molecule confers antibiotic resistance. The transformed cells are plated on a
medium containing the antibiotic, so that only cells transformed by the vector molecule
survive. In addition a selection system for screening recombinants is inserted into the
plasmid. This usually involves insertion of the polylinker site into an expressible gene
or gene fragment of the plasmid, typically insertional inactivation of the p-galactosidase
gene.

1.4.1.3.1. pcDNA2.1 plasmid vector:

Small insert libraries were constructed using the ColEI derivative pcDNA2.1, which
contains two BstX^ restriction sites in a polylinker region. The vector is cleaved with
the restriction enzyme BstX^ creating a fragment with non-palindromic TGTG-3'
overhanging ends. Fractionated chromosomal DNA fragments of a particular size (1-2
kb) are purified and blunted with T4 DNA polymerase. These DNA fragments are then
ligated to CACA-3' adaptors and this mixture finally ligated to the pcDNA2.1 fragment
after a further purification (figure 1.7.). This cloning method gives rise to a high
proportion of recombinant plasmids containing a single insert, as the vector fragment
itself cannot recircularize.
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1.4.1.3.2. PSYX34 plasmid vector;

BACs, YACs and bacteriophage X are god examples of low copy-number vectors. The
cloning vector pSYX34 is a widely used low copy-number plasmid for the construction of
large insert genomic libraries. Using a partial “fill-in” method a representative genomic
library for L. monocytogenes was constructed. The vector was cleaved with Sa/1 and
the ends partially filled with Klenow DNA polymerase to create 5'-TC overhangs.
Chromosomal DNA was partially digested with Sau3A and partially filled in to create 5'GA overhangs. In vitro ligation and transformation gave rise to clones with a white
phenotype containing inserts. A large insert library was not constructed for
L. innocua as methods of closure, which did not require a "scaffold" of large inserts were
used.
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1.4.1.4. Selection of Bacterial host strain:

As one of the final considerations during library construction, selection of an
appropriate bacterial host is of significant importance. This directly affects the
maintenance quality of partial-genome constructs. A high level of gene expression,
which may be toxic to the E. co//host, is a major factor contributing to the failure of a
fragment bank. This is particularly relevant when genes from Gram positive bacteria are
cloned in a Gram negative background. Some criteria necessary for selection of useful
cloning hosts include:
1) Genetic stability: rec strains should used if possible to avoid the risk of
recombination in the target DNA,
2) Genetic uniformity: standardized culture stocks of defined strains and known origin
should be used and
3) Chemical composition: E. coli strains containing specific polysaccharides or
accessory proteins should be avoided for cloning as they may inhibit enzymatic
reactions.

1.4.2. DNA Sequencing:

Traditional chemical methods of DNA sequencing (Maxam and Gilbert, 1977) using
base-specific chemical modification and subsequent cleavage have largely been
superseded by sequencing methods involving enzymatic DNA synthesis in the
presence of base-specific dideoxynucleoside triphosphate (ddNTP) chain terminators.
This strategy involves DNA synthesis mediated by a DNA polymerase in the presence
of a base-specific ddNTP in addition to normal dNTPs. Dideoxynucleotides are
analogues of normal dNTPs that lack a 2'- carbon and a hydroxy I-group at the 3'carbon position on the sugar ring. Enzyme-mediated formation of a 5’-3’
phosphodiester bond wit a subsequent dNTP is blocked. This prevents the formation of
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a phosphodiester bond with a subsequent dNTP. Therefore any ddNTP that is
incorporated into a growing DNA chain causes premature chain termination.

Sequencing in this way requires a single-stranded DNA template and a complimentary
primer, which binds to a region of the template flanking the region of interest. Four
separate reactions are carried out which contain all four dNTPs and one of the four
ddNTPs at low concentration to facilitate random chain termination. Each base-specific
reaction generates a collection of DNA fragments differing in size and all with a
common 5'- end but with variable 3'- ends. These fragments are separated by high
resolution denaturing-gel electrophoresis. Traditionally radioisotope labelling was used
to visualise the bands and the sequence was read manually from the gel.

1.4.2.1. Advances in Sequencing: Automation and Fluorescent labelling:

The development of automated procedures for fluorescent DNA sequencing has been a
major improvement in recent years. This involves the attachment of fluorophores to
primers or ddNTPs and as the sequenced DNA passes through a fixed point in the gel
during electrophoresis, a monitor detects and records the fluorescent signal and stores
the information electronically (Strachen and Reed, 1996). Two variations of automated
sequencing have been developed; dye-labelled primer sequencing in which the dyes
are attached to the 5'-end of the primer, and dye-labelled terminator sequencing in
which dyes are attached to the terminating ddNTPs.

1.4.2.2. Dye terminator chemistry:

Automated cycle sequencing using dye-terminators is the most versatile means of
sequencing DNA. Labelling the four ddNTPs with different dyes allows the sequencing
reactions to be performed simultaneously in a single tube and resolved by
electrophoresis in one gel lane. Only a single extension reaction is required for each
template and the synthesis of a labelled primer is unnecessary. Fewer pipetting steps
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are performed since the reactions occur in one tube. Dye-terminator chemistry also
has the added advantage that false stops due to a lack of enzyme go undetected as no
dye is attached. However, a disadvantage with dye-terminators is the unevenness of
peak heights that reduces the accuracy of automated base calling. However recent
genetically engineered DMA polymerases and the development of new labelling dyes
have resolved some of the peak height issues (Korch et«/ ,1999).

1.4.2.3. Cycle sequencing:

The quality of sequencing from double-stranded DMA templates is usually poor. Cycle
sequencing is an approach, designed to overcome this problem. It is a simple
technique in which the reagents are pipetted into a tube and placed directly into a
thermal cycler. This method uses temperature cycles of denaturation, annealing and
extension to synthesise DMA with a thermostable DMA polymerase similar to a
standard PCR reaction. It differs in that it uses only one primer and includes labelled
ddNTP chain terminators in the reaction. This feature results in a linear increase in
product during the reaction unlike the exponential increase seen during PCR. The
products are then purified and loaded on a gel. Cycle sequencing can be performed
with a high degree of accuracy for long read lengths. Both dye-primers and dyeterminators can be used for cycle sequencing with a small amount of starting template
(e.g. 100 ng of Ml 3 plasmid DMA or 1 pg of cosmid DMA).

1.4.2.4. DNA polymerases in DNA sequencing;

Until recently cycle sequencing suffered mainly from the poor performance of native
thermostable DNA polymerases which tend to discriminate between dNTPs and
ddNTPs. This resulted in the generation of a non-uniform sequencing pattern.
Genetically engineered DNA polymerases have improved the accuracy of automated
sequencing results and the convenience with which the reactions are carried out.
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Examples of new DNA polymerases commercially available are AmpliTaq® DNA
polymerase and Sequenase® version 2.0, which is a modified version of T7 DNA
polymerase (PE Applied Biosystems). The advantages of these DNA polymerases
include more even peak heights produced, longer read lengths, more reproducible
results, the requirement for smaller amounts of starting template and the use of the
same protocol for both single and double stranded templates. (Abu Al-soud etal, 1998)

1.4.2.5. Fluorescent dyes in DNA sequencing;

Automated DNA sequencing uses fluorescent dye detection of the electrophoretically
resolved DNA fragments. Traditionally single dyes have been used as fluorescent
labels with Rhodamine-based fluorescent dyes being the most common and versatile in
use. However variation in peak heights with these dyes lead to reduced base-calling
accuracy. Two new types of high sensitivity dyes have been developed recently; 4,7dichloro-rhodamine-based dyes (d-Rhodamine dyes) and energy-transfer dyes e.g.
BigDye'^'^ (PE/ABI) (Korch et al, 1999). Dye terminator kits using these dyes exhibit
general improvement in peak evenness, increased signal and signal to noise ratio.

1.4.2.6. Sequencing instrumentation;

Automated sequencing analysers (e.g. ABI Prism'^'^ 377, Perkin-Elmer) consist of an
integrated electrophoresis instrument with spectral detection of dye-labelled DNA and a
computer that includes software for data collection and analysis. When DNA fragments
pass through the read region of the vertical acrylamide slab gel, an argon ion laser
excites the fluorescent dye-labelled fragments. A series of lenses and a spectrograph
collect, focus and separates the emitted light into a pattern on a charged couple device
(CCD) camera. Analysis software can then process this information into base
sequence, fragment size, etc. Available software includes Sequencing Analysis
software, which can analyse DNA sequence data, and GeneScan^'^ software, which
45

size and quantitate DNA fragments. At the end of a run the computer can produce a
coloured gel image and electropherograms of each sample. The colours depend on the
terminator dyes, which have been used (table 1.4.).

Acceptor dye

Colour on electropherogram

A

CIR6G

Green

Green

C

dROX

Red

Red

G

dRIlO

Blue

Blue

T

dTAMRA

Black

hI M

Colour on gel image
......

Table 1.4. Nucleotides and their corresponding dyes and colours

1.4.3. Polymerase Chain Reaction (PCR);

In 1983 Kary Mullis described a method of in vitro enzyme-mediated nucleic acid
amplification that eventually led to the development of the polymerase chain reaction
(PCR) (Mullis and Faloona, 1987).

PCR was first applied to the pre-natal screening of

sickle cell anaemia (Saiki et ai, 1985) and is now an integral part of nearly all genome
studies due to improved technology in the past decade.

The polymerase chain reaction is a simple and powerful method involving repeated
cycles of oligonucleotide-directed DNA synthesis to perform in vitro amplification of a
target nucleic acid sequence. Typically the double stranded DNA is heat denatured and
two primers, which have unique sequences complementary to the 3' boundaries of the
target sequence, anneal to the DNA at a lowered temperature. The primers are then
extended along the DNA template with a thermostable DNA Polymerase using
nucleoside triphosphates, yielding two overlapping double stranded DNA copies of the
template (figurel.9.).
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One set of these three reiterated steps: denaturation, annealing and extension, is
termed a cycle.

One cycle results in the doubling of the amount of target sequence,

which in turn serves as a template for the next cycle, so that the target DNA doubles at
each cycle. Microgram quantities of DNA product are formed from minute quantities of
starting material. The PCR products can be visualised by electrophoresis on agarose or
polyacrylamide gels stained with ethidium bromide.
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Figure 1.9. Polymerase Chain Reaction (PCR)

47

1.4.3.1. Standard PCR reaction;

The standard components of a PCR reaction include the following: 0.25 mM of each
oligonucleotide, 200 pM of each deoxynucleoside triphosphate (dNTP) - dATP, dGTP,
dCTP, dTTP, 1.5 mM MgCl2, 2.5 units of Taq DNA polymerase, 25-50 mM KCI and 1020 mM Tris-HCl. A master mix of all reaction ingrediants can be prepared for all
samples initiallyt and then aliquoted into individual tubes. The template DNA, usually
0.1-1 pg, is then added to a final volume of 50 or 100 pi. To reduce evaporation or
refluxing the mix can be overlaid with mineral oil. Thermal denaturation typically takes
place between 92- 94°C for 1 minute after which the reaction mix is cooled to a
temperature which allows the oligonucleotide primers to anneal. Generally 30-60
seconds at temperatures between 53-65° C is optimal for annealing follovv/ed by
extension for 30-60 sec at 72°C. Typically twenty-five to thirty-five cycles are carried
out. Automation of the PCR reaction has enhanced its speed and ease of use.
Optimization of reactions for each primer-template pair may be necessary and this can
be achieved by varying the component concentrations and cycle parameters.

1.4.3.2. Components of PCR:

1.4.3.2.1. Taq DNA Polymerase;

The introduction of heat stable DNA polymerase (Mullis, 1985) has brought significant
improvements to PCR. Taq DNA polymerase is the most commonly used thermostable
DNA polymerase. It was originally purified from the thermophilic eubacterium Thermus
aquaticus (Lawyer et al., 1989). Taq DNA polymerase can synthesise DNA optimally
between 75-80°C. Most DNA polymerases can withstand temperatures up to 95-97°C
and therefore remain active throughout the complete set of amplification cycles. Several
different thermostable DNA polymerases (e.g. Mth, Pfu, Tth, Tfi.), and recombinant
thermostable DNA polymerases (AmpHTaq) are now available.
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1.4.3.2.2. Deoxynucleotide triphosphates;

The four dNTPs should be added in equal concentration, usually 20-200 mM, to
minimise misincorporation errors. A low concentration of dNTPs is also advisable to
reduce the risk of extending mis-incorporated oligonucleotides by the DNA polymerase.
Stock solutions should have a pH of 7.0 and can be stored at -20°C.

1.4.3.2.3. Primers:

The single-stranded DNA primers should typically be 16-30 bases in length with a GC
content of approximately 50% to maximise specificity. Stretches of polypyrimidines or
polypurines, palindromic sequences, and notable secondary structures should be
avoided. It is preferable to have a GC-rich 3'-end to achieve strong hybridization.
Complementarity at the 3'-ends must also be avoided to reduce the formation of primerdimer artefact. High levels of primers (>0.2 pM) should be avoided as it can lead to the
amplification of non-target sequences. The annealing temperature is calculated from
the primer composition as follows: 4 x (G+C) + 2 x (A+T) - 5, and must be taken into
account when choosing primers.

1.4.4.2.4. Magnesium concentration;

The optimal magnesium chloride concentration can be determined empirically, by
testing concentrations up to 4 mM for each primer set, but generally a concentration of
1.5 mM is sufficient. Extremes of concentration could reduce the amplification
efficiency or result in non-specific product formation. The presence of EDTA or other
chelators requires a higher concentration of magnesium. The concentration should
also be adjusted in parallel with significant changes in the concentrations of dNTPs and
sample DNA.
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1.4.3.2.5. Sample DNA;

Typically a target sequence of 100-1000 bases is amplified from the template DNA
although it is possible to amplify sequences up to 10 kb long. Sufficient copies of the
template should be present to give a signal after 25-30 cycles. Concentration of
sample DNA less than 1 pg/100 pi is preferable.

1.4.3.3. Factors affecting cycling parameters:

PCR is a cyclic process. The cycle of denaturation, annealing and extension can be
repeated several times. Twenty-five cycles gives an amplification of about 1 million
fold. The optimum number of cycles depends on the concentration of starting DNA.
Too many cycles may result in increased non-specific background products and too few
cycles result in a low yield of PCR product (Margolles and Mayo, 1998; Taylor and
Robinson, 1998). High GC content DNA requires very high annealing (>60°C) and
denaturation temperatures. It is very important in the early cycles to completely
denature the template DNA as failure to do so will result in the strands reannealing and
failure of the PCR. Higher annealing temperatures (45-65°C) generally result in a much
more specific product. The length of target sequence will affect the required extension
time as Taq polymerase has an extension rate of 2000-4000 bases per minute at 7080°C.
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Objectives

Objectives :

•

Whole genome sequencing of the non-pathogenic Listeria innocua using a random
shotgun method.

•

Using the sequence data generted, comparison of this genome sequence with that
of L. monocytogenes EGD, a noted human pathogen, to identify genes of interest.

•

Finally, detailed analysis of selected genes by PCR to determine their distribution
among all known serovars and species of the genus Listeria spp.

51

Materials and Methods

2. Materials and Methods:

2.1. Establishment of a genomic DNA library;

2.1.1. Nebulization of genomic DNA;
Materials;

TE 10 mM (Tris-HCI 10 mM, EDTA 1 mM [pH 7.4])
dH20

Nebulizing unit

Method;
•

200 pi of Tris-EDTA (TE) 10 mM, 16 pi of dH20 and 200 pi of DNA (0.05-0.25 pg/pl)
were placed in the lower compartment of the nebulizer and mixed.

•

The mixture was nebulized for 40-60 sec at 1 bar of pressure.

•

400 pi of the solution was aliquoted into eppendorf tubes.

2.1.2. Sodium acetate precipitation of DNA;
Materials;

Sodium acetate 3 M, pH 5.2
Absolute ethanol (stored at -20°C)
dH20

70% ethanol

Method;
40 pi of sodium acetate (3M, pH 5.2) was added to each eppendorf containing 400
pi of nebulized DNA (final cone. 1/10).
1 ml of absolute ethanol (2.5 vols.) was added to each tube.
The mixture was left for one hour at -20°C.
The tubes were centrifuged at 4°C for 30 min at 14,000 rpm.
The supernatant was discarded and 400 pi of 70% ethanol was added to each tube.
The tubes were centrifuged at 4°C for 5 min at 14,000 rpm.
The supernatant was removed and the pellets left to air-dry for 10 min.
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20 |il of dH20 was added to each tube, mixed well and incubated at 65°C for 10
min.
The tubes were vortexed and the contents pooled into a single eppindorf tube.
The tubes were rinsed from one to another with 20 pi dH20 giving a final volume of
100 pi from 4 tubes.

2.1.3. Agarose gel electrophoresis of precipitated DNA:
Materials:

Agarose
TBE 10X buffer: (Tris-Borate EDTA: Tris 90 mM, Boric acid 90 mM,
EDTA2.5 mM [pH 8.3])
Loading buffer: 6.6 ml glycerol
3.3 ml 10X TAE
100 pi bromophenol blue (10% WA/)
1 Kb DNA ladder (GibcoBRL, Life Technologies)
Ethidium Bromide

Method:
A 1% agarose gel was prepared with 0.3 g of agarose in 30 ml of Tris-Borate-EDTA
(TBE) IX buffer and 1 pi of ethidium bromide.
4 pi of the DNA solution was mixed with 2 pi of the loading dye solution and
deposited in the gel.
Molecular markers were also loaded onto the gel.
Electrophoresis was carried out at 90 V for 30 min and the results visualized by UV
illumination.
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2.1.4. Blunting of DNA fragments with T4 DNA polymerase:
Materials:

T4 DNA polymerase buffer (Boehringer Mannheim)
Deoxynucleotide mix (dNTPs) 10 mM (Pharmacia Biotech)
T4 DNA polymerase (Boehringer Mannheim)

Method:
•

26.4 pi of buffer and 2.76 pi of dNTPs were added to 100 pi of DNA after sodium
acetate precipitation and mixed well.

•

8.1 pi of T4 DNA polymerase was added and mixed.

•

The mixture was incubated at room temperature for 25 min and then at 75°C for 15
min.

2.1.5. Sodium acetate precipitation after blunting with T4 DNA polymerase:
Materials:

Sodium acetate 3 M, fpH 5.2]
Absolute ethanol (stored at -20°C)
dH,0
70% ethanol

Method:
•

A total volume of 130 pi of DNA was recovered after blunting with T4 DNA
polymerase.

•

13 pi of sodium acetate (3M, pH 5.2) was added to 130 pi of DNA (final cone. 1/10).

•

325 pi of absolute ethanol (2.5 vols.) was added to the mixture.

•

The mixture was left for one hour at -20°C and centrifuged at 4°C for 30 min at
14,000 rpm.

•

The supernatant was discarded and 100 pi of 70% ethanol was added to each tube.

•

The tubes were centrifuged at 4°C for 5 min at 14,000 rpm.

•

The supernatant was removed and the pellets left to air-dry for 10 min.
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2.1.6. Ligation with Bstx A and Bstx B adaptors;
Materials:

CIH2O
Ligation buffer (Boehringer Mannheim)
Adaptors; Bstx A and Bstx B (Invitrogen)
T4 DNA ligase (Boehringer Mannheim)

Method:
•

The dried DNA pellet was resuspended in 30 pi of dH20, mixed and incubated for 10
min at 65 °C.

•

The solution was then placed on ice after mixing again.

•

4 pi ligation buffer was added.

•

4 pi of the adaptors Bstx A + Bstx B were added.

•

Finally 2 pi of DNA ligase was added to start the reaction, the solution mixed and
left overnight at 16°C.

2.1.7. Selection of DNA insert:
Materials:

Agarose
TAB 10 X buffer (400 mM Tris, 400 mM acetic acid, 20 mM EDTA
[pH 7.81)
ligation (DNA/adaptors)
Loading buffer: 6.6 ml glycerol
3.3 ml 10X TAB
100 pi bromophenol blue (10% W/V)
1 Kb DNA ladder (GibcoBRL, Life Technologies)
dH.O
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Method:
•

A 1% agarose gel was prepared with 1X TAE buffer and ethidium bromide using a
large tooth comb so that the sample could be deposited in one well.

•

The total ligation (40 pi) was mixed with 4 pi of loading solution and deposited in the
gel.

•

5 pi of molecular markers were mixed with 2 pi of loading dye solution and 5 pi of
dH20 and deposited in parallel.

•

The samples were electrophoresed at 70 V until they migrated approximately 2 cm.

•

The gel was then visualised under UV light and the region of interest, in this case
located between 1 and 3 Kb, marked and cut out of the gel with a sterile scalpel.

•

The sample band was then cut in quarters.

•

Each sample band piece was weighed. The weight indicating the approximate
volume.

•

The four resulting samples were then purified using QIAquick gel extraction method.

2.1.8. DNA purification using QIAquick gel extraction kit;
Materials:

QIAquick Gel extraction kit containing the following:
QIAquick spin columns
QG buffer
PE buffer
EB buffer
2 ml collection tubes
Additional requirements:
100% ethanol
waterbath at 50°C
microcentrifuge
3 M sodium acetate, [pH 5.0]

dH^Q
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Method:
The DNA fragments were excised from the gel and weighed in a colourless tube.
Three times the volume of QG buffer was added to one volume of gel (100 mg =
100 |il).
The gel was completely solubilized by incubating at 50°C for 30 min with regular
mixing.
When the gel had completely dissolved the colour was checked to make sure it was
yellow indicating a pH 7.5, which is optimal for the reaction.
A QIAquick spin column was placed in a 2 ml collection tube and the sample was
applied to the column and centrifuged at 13,000 rpm for 1 min to bind the DNA.
The flow-tube was discarded and the column returned to the collection tube.
0.5 ml of QG buffer was added to the column and centrifuged for 1 min at 13,000
rpm.
0.75 ml of PE buffer was added and the column left to stand for 3 min prior to
centrifugation for 1 min in a washing step.
The flow-through tube was discarded and the column centrifuged for a further
minute at 13,000 rpm.
The column was placed in a clean 1.5 ml centrifuge tube.
To elute the DNA, 50 pi of buffer EB was added to the centre of the column and
centrifuged for 1 min at 13,000 rpm.
To verify extraction, 1 pi of each sample (+ 5 pi dH20 + 2 pi loading dye solution)
was electrophoresed in a 1% agarose gel for 2 hours at 80 V.
The samples were stored at -20°C until ligation with a vector.

2.1.9. Ligation of insert with vector:
Materials:

T4 ligation buffer (Boehringer Mannheim)
T4 DNA ligase (Boehringer Mannheim)

dHp
pcDNA2.1 plasmid vector (Invitrogen)
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Method:
6 |il of DNA insert was added to 2 |al vector, 2 |il ligation buffer and 2 jil DNA ligase.
8 |il dH20 was then added to bring the total volume to 20 [i\.
The mixture was vortexed and incubated over night at 16°C.

2.1.10. Transformation of Epicurian Coli® XL-2Blue ultracompetent cells:
Materials:

Competent E.co//cells: Epicurian Coli® XL-2Biue ultracompetent
cells (Stratagene): stored at -80°C.
Genotype: recA^ enclA^ gyrA96 thi-^ hsdRM supE44 relA^
lac[F proAB lactZ? M15 Tn70(Tef) Amp Cam']
B-Mercaptoethanol (B-ME) 1.22 mM (Stratagene).
12 ml Falcon® 2059 polypropylene tubes.
TE buffer: 10 mM Tris-HCI [pH 8.0]
1 mM EDTA
MgCI^ (1 M)
MgSO, (1 M)
Sterile glucose solution (2 M)

2.1.10.1. LAXI-media (LB-media, Ampicillin, X-gal, and iPTG):
10 g NaCI
10 g Tryptone
5 g yeast extract
20 g agar
adjusted to pH 7.0 with 5 M NaOH, made up to 1 litre with deionised
water and autoclaved. After cooling to 55°C, 50 mg ampicillin, 80
mg X-gal and IPTG to give a final concentration of 20 mM were
added and the medium was poured into petri dishes.
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2.1.10.2. NZY broth:

10 g NZ amine (casein hydrolysate)
5 g yeast extract
5 g NaCI
The pH was adjusted to 7.5 with 5M NaOH and made
up to 1 litre before autoclaving.

Method:
The ultracompetent cells were thawed on ice and gently mixed by hand.
70 pi of cells were aliquoted into each of two pre-chilled falcon tubes and 1.4 pi of Bmercaptoethanol was added to give a final concentration of 25 mM in each tube.
The tubes were mixed by swirling gently and incubated on ice for 10 min.
1 pi of the ligation (0.1 - 50 ng DNA/vector) was added, mixed and left for 30 min on
ice.
5 ml NZY medium was prepared by adding 62.5 pi MgSO^, 62.5 pi MgCl2 and 100 pi
glucose to the medium and preheated to 42°C.
The reaction tubes were heated at 42°C for exactly 30 sec and incubated on ice for
2 min.
0.9 ml of the preheated NZY broth was added to each tube and incubated at 37°C
for one hour with shaking.
A negative control was prepared by washing out any remaining ultra-competent cells
from the original tube with 300 pi of NZY broth.
200 pL of transformed cells were plated out onto LAXI medium using aseptic
techniques.
2 tubes of reaction mix gave rise to 10 plates.
200 pL of the negative control was also plated out onto LAXI medium.
The plates were incubated overnight at 37°C and then stored at 4°C.
Colonies containing inserts remained white after incubation while colonies without
inserts were blue.
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2.2. Extraction of plasmid DNA by minipreparation:

2.2.1. Solutions and their functions;

2.2.1.1. Solution 1.
TE 25 mM

-Tris25mM
-EDTA 10 mM

This solution, using the intermediary EDTA, allows for the chelation of

ions, which

are used by a number of enzymes. Also it stabilises bacterial cell wall structure.

2.2.1.2. Solution 2.
-NaOH 10 M (stock solution, used at a cone, of 0.2 M)
-SDS 10% stock solution, diluted to 1% for reactions)
The presence of NaOH in this solution permits the denaturation of DNA and proteins. It
also lyses the bacteria.

2.2.1.3. Solution 3.
-Sodium acetate SM; [pH 4.8]
This solution neutralises the pH and precipitates chromosomal DNA and proteins.
Plasmid DNA is renatured and remains suspended in the supernatant. The supernatant
also contains RNA. Addition of ethanol precipitates plasmid DNA and the RNA.

2.2.1.4. Solution 4.
TE 10 mM

-Tris-HCI 10 mM
-EDTA 1 mM

This solution with the addition of RNAse eliminates RNA present in the suspension
containing the plasmid.
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2.2.2. Minipreparation;
Additional materials:

dH,0
Absolute ethanol
Centrifuge
96-well plates
24-well plates
LB medium
Ampicilliin
Mutihead pipette (Eppindorf multicanaux pipette)
GEMO absorbent paper

Method:
This protocol is a modification of the methods of Birnboim and Dly (1979) and IshHorowicz and Burke (1981).

2.2.2.1. Dav 1.
•

Single bacterial colonies (white) were subcultured from agar plates to 2 ml LB
medium containing ampicillin (lOOpg/ ml) in a 24 well plate.

•

The plates were incubated overnight at 37°C with vigorous shaking (Biolafitte Table
-setting 50).

•

Four 24-well plates were used to prepare 96 plasmid clones.

2.2.2.2. Day 2.
•

The plates were centrifuged at 3000 rpm for 8 min and the supernatant discarded.

•

100 pi of soln. 1 was added to each well using a multihead pipette (position. 2). The
plates were vortexed and put on ice.

•

200 pi of soln. 2 (pipette pos. 4) was added to each well and left for 5 min.

•

150 pi of soln. 3 (pipette pos. 3) was added to each well and mixed by gentle
swirling. The plates were left on ice for 45 min with mixing at intervals.

•

The plates were centrifuged at 3000 rpm for 40 min at 20°C and the supernatants
transferred to clean plates (400ul).
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800 jjl of absolute ethanol was added to each well and incubated for 30 min at room
temperature.
The plates were centrifuged at 3000 rpm for 40 min at 12°C and the supernatant
discarded.
The plates were inverted on GEMO absorbent paper for 5 min to dry.
200 pi of soln. 4 containing RNAse 10mg/ml (1/1000 diln.) was added to each well.
The plates were agitated for 3-5 min, incubated at 65°C for 10 min and agitated for a
further 5 min.
400 pi of absolute ethanol was added and the plates incubated for 30 min at room
temperature.
The plates were centrifuged at 3000 rpm for 40 min 12°C and the supernatant
discarded.
They were then blotted dry on GEMO paper for 5 min and left to dry at room
temperature for 30 min.
The pellets were resuspend in 100 pi of soln.4.
The plates were then incubated for 10 min at 65°C, agitated for 3 min, and
centrifuged for 1 min to recover the maximum volume.
The plasmid DNA suspensions were transferred to a 96-well plate using a 100 pi
multihead pipette.

2.2.3. Restriction enzyme digestion of plasmid DNA with Pvu II:
Materials:

Pvu II (GibcoBRL, Life Technologies)
REact®6 10X reaction buffer for Pvu II

dHp
Plasmid DNA from mini-preparation
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Method:
•

1.5 1^1 of reaction buffer and 8.2 nl of dH20 was used for each sample digestion.

•

For 24 reactions a master mix was prepared for 25 reactions using 37.5 pi of
reaction buffer and 205 pi dH20.

•

8 pi of the restriction enzyme Pvu II was added and mixed well.

•

10 pi of the master mix was added to 5 pi of each DNA sample, mixed and
incubated at 37°C for 2 hours.

•

The digestions were electrophoresed in a 0.3% agarose gel and visualised under
UV light.

2.3. DNA Sequencing reaction:
Materials:
ABI Prism BigDye Terminator Ready reaction mix containing:
-ddATP labelled with dichloro(R6G)
-ddCTP labelled with dichloro(ROX)
-ddGTP labelled with dichloro(RIIO)
-ddTTP labelled with dichloro(TAMRA)
-deoxynucleoside triphosphates (dATP, dCTP, dGTP, dTTP)
-AmpliTaq DNA polymerase, FS (with thermally stable
pyrophosphatase)

-MgCl2
Tris-FICI buffer, [pH 9.0]
dH20

Primers: Universal sequence fonA^ard and reverse (1.6 pmol/pl).
Plasmid DNA

Equipment:

Eppendorf Centrifuge 5810
GeneAmp® PCR System 9700 - 96-well sample block module (PE
Applied Biosystems)
Hydra 96 (Robbins Scientific) pipetting unit
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Method:
The BigDye terminator ready reaction mix was stored at -20°C and thawed to room
temperature, mixed and centrifuged briefly before use.
All materials were kept on ice during use.
Total reaction volume: 20 pi:
-3 pi BD terminator
-2 pi primer: oligonucleotide reverse or universal (21)
cone. 1.6 pmol/pl
-2.5 pi buffer 5X dilution
-7.5 pi
-5 pi DNA
A master mix of the reagents (excluding the DNA) was prepared for 100 reactions.
15 pi of the mix (primer, buffer, H2O, BD terminator) was pipetted into each well of a
96-well thermowell plate.
While preparing the mix, the 96-well plates containing plasmid DNA were agitated.
5 pi of DNA was added to each well of the thermowell plate (using Robbins:
programme 2).
The thermowell plate containing the reaction mixture was covered with a plastic plate
cover and centrifuged for 1 min at 600 rpm.
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2.3.1. Sequencing cycle;
Using the GeneAmp® PCR System 9700, the following sequencing cycle was carried
out:

denaturation

hybridization

—>

elongation

96°C

10 sec

50°C

10 sec

56°C

4 min

35 cycles

2.3.2. Ethanol precipitation of sequenced DNA;
Materials:

76% ethanol
multihead pipette
centrifuge
GEMO absorbent paper

Method:
•

80 pi of 76% ethanol was added to each of the 96 wells.

•

The plate was covered and inverted several times to mix.

•

The plate was left at room temperature for 20 min to precipitate the DNA and then
centrifuged for 35 min at 2200 rpm.

•

The supernatant was discarded and the plate was inverted on absorbent paper and
centrifuged for 1 min.

•

The plate was left uncovered at room temperature to dry the DNA pellets and then
stored at 4°C.
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2.3.3. Preparation of sequencing gels:

2.3.3.1. 36 cm Acrylamide/Bis-Acrylamide 29:1 gel:
Materials:

Urea (denaturant) (Amresco®, Interchim)
Acrylamide/Bis-acrylamide 29:1 40% (Biorad)
TBE 10X

dH^O
Amberlite deionising resin (Biorad)
Ammonium persulphate (APS) 10%
TEMED (Amresco®, Interchim)

Equipment:

Magnetic stirring unit and magnet stirrers
Nalgene disposable 0.2 pm pore size filter unit
Vacuum pump

Method:
•

To prepare 40 ml of polymer mix for a 36 cm gel, 14.4 g urea was dissolved in 20 ml
H O with stirring.
2

•

4.5 ml AcrIyamide/Bis-acrylamide 40% (Biorad) 29:1 was added.

•

1 spatula of Amberlite resin was added and left to stir for 5 min. to deionise the
solution.

•

The solution was filtered using a Nalgene filter unit and left to degas for 5 min under
vacuum pressure.

•

4 ml of 10X TBE was added.

•

The solution was made up to 40 ml with H O and mixed.

•

200 pi APS and 20 pi TEMED were added prior to pouring the gel.

2
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2.3.3.2. 48 cm Page-Plus 5.25% gel:
Materials:

Urea (denaturant) (Amresco®, Interchim)
Page-Plus 40% (Amresco®, Interchim)
TBE 10X

dH^O
APS
TEMED (Amresco®, Interchim)

Method:
14.4 g of urea were dissolved in 18.5 ml dH20 by mixing with a magnetic stirrer.
5.3 ml Page-Plus and 4 ml 10X TBE were added and the solution made up to 40 ml
with dH20.
The solution was filtered using a Nalgene 0.2 pm filter and left under vacuum
pressure for 10 min to degas the solution.
The two catalysts: 200 pi APS and 20 pi TEMED were added one after another just
before pouring the gel.

2.3.4. Preparation of sequencing gel for electrophoresis:

•

The gel plates were set up according to the manufacturers recommendations
ensuring that they were free from dirt and dust.

•

The gel was poured using a 50 ml loading syringe making sure to avoid bubbles
when pouring the gel.

•

The comb was inserted with the teeth facing outwards and clipped in place.

•

Before polymerization the loading apparatus was removed and the plates clamped.

•

After 10 min, when the gel had begun to set, filter paper soaked in water was placed
at the base of the gel to prevent desiccation. The gel was left to set for 1.5 -2 hrs.

•

The reading zone of the glass plates was cleaned well with moist paper towels.
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•

The comb space was washed with water and the comb re-inserted with the teeth
approximately 2 mm into the gel.

•

The gel plates were placed in the ABI Prism® 377 DNA sequencer and the upper
and lower buffer chambers attached and connected. The Plate Check E was carried
out (using the ABI PRISM XL software).

•

1300 ml of electrophoresis buffer (IX TBE) was made up and added to the buffer
chambers.

•

The pre-run was carried out to allow the electrophoresis components to come to the
correct temperature.

2.3.5. Preparation of DNA for sequencing electrophoresis:
Materials:

Formamide-dextran blue was prepared as follows:
500 pi formamide (Sigma® diagnostics) and 100 pi blue dextranEDTA (25 mM) were mixed and centrifuged for 1 min.

Method:
•

The dry pellets of DNA were resuspended in a solution of formamide-EDTA-dextran
blue, 2pl/ well and centrifuged for 30 seconds at 600 rpm.

•

The plates were agitated for 5 min.

•

Denaturation was carried out for 2 min at 96°C (GeneAmp® PCR system 9700) and
the plates placed on ice.

•

The samples were loaded into the gel, 1 pi/ well, using a Hamilton syringe and the
sequence run was started according to the manufacturers instructions.
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2.4. Extraction of chromosomal DNA from Listeria Spp. for PCR:

In addition to the L. monocytogenes and L. innocua reference strains, 20 other Listeria
strains were chosen for analysis as follows:

Species

Serova r

CLIP*

L. monocytogenes

1/2a

74902

1/2b

74903

1/2c

74904

3a

74905

3b

74906

3c

74907

4a

74908

4ab

74909

4b

74910

4c

74911

4d

74912

4e

74913

7

74917

6a

74915

6b

74916

5

74914

5

12229

L. seeligeri

1/2b

73021

L. welshimeri

6

73020

L. innocua

L. ivanovii
subsp. Londoniensis

L. graya

73019

'CLIP: Collection Listeria Institute Pasteur

Materials:

BHI (Brain heart infusion) broth
2 ml eppindorf tubes
Micro-centrifuge (Biofuge Pico - Heraeus Instruments)
dH20

Liquid nitrogen
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Method:
•

A single colony of each strain was inoculated in 10 ml of brain-heart infusion broth
and incubated overnight at 37°C until an optical density reading at 600 nm or greater
than 1.5 was achieved.

•

2 ml of each culture was aliquoted into 3 eppendorf tubes.

•

These were centrifuged at 12000 rpm for five minutes and the supernatant
discarded.

•

The pellets were resuspended in 100 pi dHp and the DNA extracted by heat shock
as follows:
2 min at 96°C
1 min in liquid nitrogen

•

( X 2)

The samples were stored at 4°C.

2.5. Polymerase Chain Reaction (PCR):
Materials:

10X PCR buffer II: 500 mM KCI, 100 mM Tris-HCI, |pH 8.3]
10 mM MgCI,.
dNTP mix: 10 mM concentration each of dATP, dCTP, dGTP, dTTP
DNA Polymerase: AmpliTaq® DNA polymerase, 5 U/pl
-All PCR reagents supplied by Perkin-Elmer, as part of the
GeneAmp® PCR system
Primers (Appendix 1) were supplied by GibcoBRL, Life
Technologies.

Method:
All amplifications were carried out in a final volume of 50 pi.
The PCR master-mix was set up as follows:
•

5 pi of 10X buffer.

•

1 pi of dNTP mix (10 mM).

•

3 pi of MgCl2 (25 mM).
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0.25 )il AmpliTaQ DNA polymerase (5 U/pl).
2 pi forward primer (16 pmol/pl).
2 pi reverse primer (16 pmol/pl).
31.75 pldHgO.
5 pi DNA.

The samples were amplified in a GeneAmp® PCR system 9700 thermocycler (PE
Applied Biosystems) using the following parameters:

94°C

3 min

94°C

1 min

56°C

1 min

72°C

1 min

72°C

10 min

1 cycle

35 cycles

1 cycle

2.5.1. Analysis of PCR products by agarose gel electrophoresis:
Materials:

0.3 g Agarose (Promega, Madison, Wl)
IX TAE buffer prepared as follows: 100 ml 10X TAE (400 mM Tris,
400 mM acetic acid, 20 mM EDTA, [pH 7.8]) and 900 ml dH20
Ethidium bromide
Molecular weight markers- Smart ladder (GenTech)
Loading buffer: 6.6 ml glycerol
3.3 ml 10X TAE
100 pi bromophenol blue (10% W/V)
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Method:
•

1% agarose gels were prepared by solubilizing 0.3 g agarose in 30 ml 1X TAE,
poured into an electrophoresis chamber and allowing to set.
5 pi of DNA extract was mixed with 1pl of loading buffer and 5 pi of this was loaded
into the wells.

•

Electrophoresis was carried out in an electrophoresis unit with an Apelex power
supply at 90 V for approximately 30 min.

•

DNA bands were illuminated and visualised by Ultra Violet (UV) light and permanent
records obtained using a Sony videographic printer UP-890CE and Photocap
computer software.

2.5.1.1. Molecular weight markers:

To allow sizing of DNA fragments produced in the PCR reaction, molecular weight
markers were used in each analysis by agarose gel electrophoresis. 2 pi of 1 kb
molecular weight ladder was used (Smartladder, GenTech) in Lane 1 and Lane 24
(Appendix 2.).

2.6.Purification of PCR product for sequencing:
Materials:

Absolute ethanol
micro-centrifuge
2 ml eppindorf tubes
QIAquick PCR purification kit (QIAGEN, S.A.):
QIAquick spin columns
Buffer PE
Buffer PB
Buffer EB
2 ml collection tubes
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Method:
•

Five volumes of Buffer PB (250 pi) were added to one volume of the PCR reaction
(50 |jl) and mixed well.

•

A QIAquick spin column was placed in a collection tube and the sample was applied
to the column.

•

To bind the DNA the column was centrifuged at 10,000 rpm for 1 min.

•

The flow-through was discarded and the column was replaced in the collection tube.

•

The PE buffer was reconstituted with absolute ethanol and 0.75 ml was applied to
the column and centrifuged for 1 min.

•

The flow-through was discarded and the column replaced in the tube and
centrifuged for an additional minute to remove any residual ethanol.

•

The column was placed in a clean eppendorf tube.

•

50 pi of buffer EB was added to the centre of the column and centrifuged for 1 min to
elute the DNA.

2.7. Sequencing of PCR product;
Materials:

3 pi BigDye terminator
2 pi forward primer
2.5 pi 5X reaction buffer
7.5 pi 6H,0
5 pi Purified PCR product

Method:
Cycle sequencing was carried out in a GeneAmp PCR system 9700 using the same
cycle as that described previously in section 2.3.1.
The sequenced PCR products were electrophoresed in a 48 cm gel using the ABI
Prism 377 DNA sequencing equipment and software as outlined in section 2.3.5.
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2.8. Computer programs and software;

2.8.1. Sequencing software;

The ABI Prism 377 sequencer was used with its dedicated software. This consists of
two programs; one for data collection and one for subsequent data analysis. During
data collection a Run File associates a list of samples with whichever electrophoresis
module was used. The instrument receives this run data and sends raw data back to a
Gel File, where it is then passed on to the appropriate program for further analysis.

2.8.2. Base-calling of sequence traces;

Base-calling of processed sequence traces was carried out using Phrec/software. This
software translates processed traces, which are usually displayed as chromatograms,
into a sequence of bases. An error probability measure, known as the base “quality”, is
attached to each base prediction (Ewing et al, 1998).

2.8.3. Masking vector sequences;

The program Crossmatch was used to mask vector sequences after base-calling with
Phred. This ensures that sequences are assembled on the basis of overlap of areas of
sequenced genome rather than on the basis of vector sequences, which are identicle
for all sequence reads. The vector sequences are marked with Xs, which are then
ignored in subsequent assemblies.

2.8.4. Sequence assembly;

Sequenced reads are assembled into contigs by alignment of overlapping sequences.
This was performed using Phrap software. This gives a consensus sequence for each
assembled contig with quality values attached to each base.
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2.8.5. Sequence editing;

Assembled sequences were visualised in a user-friendly format using the CONSED
software. Bases disagreeing with the consensus sequence are highlighted and quality
values can be seen immediately as they are colour-coded. Traces of each sequence
contributing to an alignment are available and the program also chooses primers for
PCR from suitable locations.

2.8.6. Homology searching;

The BLAST family of programs was used to search either DMA or protein query
sequences against DNA or protein databases (Altschul et al, 1997). It was used to
search for conserved regions between L monocytogenes and L innocua and to identify
and annotate newly sequenced genes, which are homologous to existing genes in a
database. BLAST version 2.0 is available via the internet at http://www.ncbi.nlm.nih.gov/.

2.8.7. Motif searching;

Sequence “motifs” derived from multiple alignments can be used to examine individual
sequences or an entire database for subtle patterns. This allows for the detection of
distantly related sequences. The LPxTG consensus was sought using Motifs (Devereux
et al, 1984) available on the GCG server at http://www.gcg.com/. Prosite (Bairoch et al,

1994) and Blocks (Henikoff and Henikoff, 1991) were also used to examine individual

sequences. Prosite has the largest collection of sequence motifs and can be accessed
via the ExPasy server at http://www.expasv.ch/. Blocks are defined as short ungapped
multiple alignments that represent highly conserved protein sequences and can be
accessed at http://www.blocks.flicrc.org/
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2.8.8. Sequence viewing and alignment:

Sequence data, either in protein or nucleotide form, can be visualised and manipulated
using DNA strider 1.3 software. This allows identification of ORFs in a sequence,
alignment of sequences and sequence translation among its functions.
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Results

3. Results:

3.1. Listeria innocua genome sequencing

3.1.1. Library construction;

The strategy we have used for the sequencing of the L. innocua genome is a whole
shotgun approach as out lined in section 1.3 of the Introduction. This involves
sequencing of cloned random fragments of the genome, without relying on the
availability of a library of large mapped fragments as a scaffold. The use of this
approach is possible as the finishing phase will take into account the complete
sequence of the closely related L. monocytogenes which will be fully sequenced and
annotated by the time the finishing phase of L. innocua is reached. Therefore, only the
construction of a small insert library was necessary for L. innocua.

For any sequencing project, the initial step in creating a DNA library is critical as the
success of all the subsequent steps including preparation, sequencing and assembly
rely on the quality of the DNA library. A good quality library should have a high
percentage of inserts and these inserts should be within a certain designated size
range. The cloned fragments should be of a random nature and co-cloning should be
avoided. To achieve this end, as many of the construction conditions as possible are
rigidly controlled.
For the initial fragmentation of DNA, a nebulization procedure was used. This is a
means of physical fragmentation, which gives rise to random DNA fragments and is
preferable to restriction enzyme digestion, which is not completely random. Nebulized
DNA was eletrophoresed in a 1% agarose gel and visualised using UV light to ensure
that efficient nebulization had occurred. Figure 3.1. shows the smeared bands of two
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samples of nebulized chromosomal DNA. The majority of fragments are located
between 0.8-4 Kb (denoted by the arrowheads in figure 3.1) which includes the size
range of interest, 1-3 Kb.

Following nebulization the fragments were ligated to the adaptors, BstxA and BstxB (as
outlined in section 1.4.1.3.2 of the Introduction and 2.1.6 of Materials and Method). A
large excess of adaptors was used as they tend to form dimers amongst themselves.
Following ligation of the DNA fragments with Bstx adaptors, the DNA was
electrophoresed in a 1% agarose gel at 70 V (figure 3.2.). Molecular weight markers
were used to determine the size of the ligated DNA fragments. The adaptor-dimers can
be seen as a bright band at the bottom of the gel. A DNA band in the region of 1-3 Kb
was selected for insertion into the vector molecules and excised from the gel. This gel
segment was quartered and the DNA fragments purified using a GeneClean DNA
extraction kit. A sample of each of the four quarters of the purified band was
electrophoresed in a 1% agarose gel with size markers and the samples within the
desired size range, 1-3 Kb, were used for insertion into the vector molecules. In this
case samples 1,2, 1’ and 2’ were chosen (figure 3.3.).

The DNA fragments were ligated into the vector molecule pcDNA2.1 and following this
were transformed into ultra-competent E. coli cells. These cells were plated onto
culture medium containing ampicillin, X-gal and IPTG, and grown overnight. The
percentage of vector molecules containing an insert was calculated by counting the
number of white colonies and expressing that number as a percentage of the total
number of colonies. A successful ligation gave approximately 85% vectors with inserts.
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3.1.2. Minipreparation;

Plasmid DNA was extracted from the host E. coli cells using a minipreparation
procedure. Sequencing an entire genome involves massive production of plasmid DNA
for sequencing. For L innocua approximately 25,000 sequences were required which
necessitated the sequencing of almost 13,000 clones. For such a large-scale project,
efforts were made to optimize all procedures involved and to automate where possible.
For example, microtitre plates were used in minipreparation as opposed to eppendorf
tubes for individual samples and robotic methods were under evaluation for several
aspects of DNA preparation. All reagent concentrations were optimized prior to largescale production in the most cost-efficient manner.
Following extraction of plasmid DNA by minipreparation, the efficiency of the cloning
procedure was tested to estimate the percentage of clones containing inserts and the
average size of those inserts. This step involved restriction enzyme digestion of the
plasmid DNA with Pvu II.

The vector plasmid, pcDNA2.1 contains Pvu II restriction sites flanking the multiple
cloning site and when digested with Pvu II produces a 2.7 Kb band, corresponding to
the linearized vector (figure 3.4.). This DNA fragment is visible in all of the twenty-four
samples indicating that all clones selected contain an insert. Some other smaller bands
are also present in the samples where the insert DNA contains an internal Pvu II
restriction site. It is possible to estimate the size range of the inserts from these bands
(e.g. Lane 14 figure 3.4 contains a single band of approximately 1.2 Kb and Lane 24
contains a band of approximately 2.5 Kb in addition to the 2.7 Kb vector band). The
size range of inserts therefore is approximately 1.2-2.5. Kb and this corresponds to the
desired size range. This procedure is not carried out on every DNA sample, as this
would not be feasible for such a large-scale project. Rather, it is used as a control to
cheque the efficiency of a cloning procedure.
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3.1.3. DNA Sequencing;

Sequencing of plasmid DNA was carried out using dye-terminator chemistry as outlined
in Section 3 of the Introduction. Multiple sample sequencing was facilitated by the use
of the GeneAmp© PCR system 9700 in which 96 sequence reactions can be conducted
in a single microtitre plate. These 96 samples were then loaded into a single gel for
elctrophoresis in the ABI Prism™ 377 DNA sequencer. Following sequencing and
electrophoresis of the plasmid DNA samples the data obtained was opened as a Gel
Image file (figure 3.5.).
□
.............
■ ——1
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Figure 3.5. Gel image file using ABI Prism 377 software
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The Gel Image file provided allows a coloured visual image of the electrophoresis pattern
of the 96 samples in the run. The centres of each lane were tracked using the ABI
Prism™ 377 software and these were then manually verified before this data was
extracted and converted into sequence data for each sample. A chromatogram file for
each sample (figure 3.6.) and a corresponding text file giving the base sequence in text
form was obtained.

Figure 3.6. Chromatogram file for a sample after sequencing and analysis

After sequence analysis, each sequence file was exported to a mainframe computer for
assembly into the growing genome of L. innocua. The Phred and Phrap software were
chosen from the various types of assembly software tested. These packages have the
advantage of assigning quality values to each base, which contributes to the overall
quality of the assembled sequence (Section 2.8. Materials and Method). Vector
sequences were identified and masked from each sequence before alignment with
available data. Figure 3.7. shows the aligned sequences in a region of a contig using
Consed. The consensus sequence of the contig is given in purple letters in the top line
with aligning sequences below in both directions. The quality values for each base can
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then be ascertained visually using Consed. High quality bases are shown on a white
background while decreasing quality is shown by an increasingly grey background.
Bases, which do not adhere to the consensus sequence, are given in red lettering.
These discrepancies can then be investigated further by opening up a Trace sequence
window. This window provides the original chromatogram of the with colour-coded
bases. Figure 3.8. shows how a discrepant base from a contig can be identified and
shown to be a sequencing error where the true sequence was masked by another base.
Using Consed these errors can be identified and edited, thereby maximizing the overall
quality of the sequence.

Figure 3.8 Trace window using Consed
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3.1.4. Progress of L. innocua sequencing;

The first assembly of L. innocua sequences was carried out using 279 sequence reads.
This gave rise to 57 contigs, four of which contained three sequences each and the
other 53 containing just two sequences. There were also 161 singlets. The contigs
were between 800-2000 bp in length and accounted for 0.17 times coverage of the
genome. By the tenth assembly, 4460 sequences had been incorporated and were
assembled into 843 contigs. There was one contig with 70 sequences and 92 contigs
with between 11-50 sequences. The longest contig was less than 7000 bp in length
and a genome coverage of 0.5 was achieved. At the time of writing, 18 assemblies had
been carried out for the L. innocua genome using a total of 14,476 sequences. The
progress of the genome sequencing can be followed using various graphical
representations as outlined below.

Figure 3.9. depicts the number of contigs according to the number of sequences per
contig as the total number of sequences increases with every assembly. Initially
contigs with two sequences or between three and ten sequences predominate. It is
only after 1000 sequences have been added does a contig with more than 11
sequences in it appear. The number of larger contigs increases while the number of
contigs with only two sequences in them decreases as they are joined with more
sequences.

After 4500 sequences have been added contigs with between 51-500 sequences
increase. At the time of writing, no contigs with greater than 500 sequences were
present but as the sequencing continues the smaller contigs will merge into these
super-contigs which will eventually be joined into one complete contig spanning the
whole genome in the finishing phase.
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figure 3.9.

Figure 3.10. gives a graphical representation of the number of contigs according to their
length in kilobases. As in figure 3.9. the initial assemblies give rise to small length
contigs up to ten Kb in length and these predominate until over 6000 sequences have
been assembled when longer contigs are formed. The number of long contigs will
continue to grow and the number of small contigs will decrease until a single contig,
which is the length of the genome is achieved.

Number of contigs according to length

Figure 3.10.
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The full length of the contigs as the number of sequences increases is shown in figure
3.11. This, in other words, gives the length in Kb of genome sequence coverage with
successive assemblies. At this stage the graph has begun to plateau at approximately
2.5 Megabases (Mb) and the point where the graph levels off is the complete size of the
L. innocua genome. Two parallel curves can be seen and these depict the full length of
the contigs (pink) and the full length with an acceptable quality value of greater than 20.

Full length of contigs according to the number of
sequences

5000

10000

number of sequences

figure 3.11.

Total length of all contigs according to nbr of sequences

figures. 12.
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In comparison, figure 3.12. shows the same graph using data from the
L. monocytogenes project which is at a more advanced stage compared to that of
L innocua. The graph has levelled at approximately 2.8 Mb and the full length values
with high quality sequences have merged with the full length values. It is anticipated that
this will occur for L. innocua after further assemblies. Finally figure 3.13. shows the
progress of genome sequencing with respect to the number of contigs in the assembly.
As sequencing progresses the number of contigs rises to a peak of 960 contigs
encompassing approximately 8000 sequenced reads. After this point the number of
contigs steadily decreases with progressive sequencing as the contigs are joined
together into larger ones eventually covering the whole genome.

Figure 3.13

Number of contigs according to the number of
sequences

Number of sequences

When the number of contigs has decreased to approximately 400 it will be possible to
begin gap closure and the finishing phase of L. innocua. To begin the finishing phase
with such a large number of contigs remaining will be possible due to the availability of
the complete annotated genome sequence of L monocytogenes. Comparison of contig
ends in L. innocua with this completed sequence will provide putative links between
neighbouring contigs, which can then be verified by PCR.
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3.2. Comparison of L. monocytogenes and L. innocua

3.2.1. Distribution of known Internalins in Listeria strains;

Internalins are a group of proteins found in Listeria, which are associated with virulence.
With the exception of internalin C, they are all anchored to the cell wall of the bacteria.
While the internalins are known to be found only in the pathogenic L. monocytogenes
and L. ivanovii, their distribution among the different serovars is not known. It was
therefore decided to design primers specific to regions of inIA, B, E, F, G, and H
(Appendix A) and to investigate their distribution among the serovars by carrying out
PCR. The strains chosen are reference strains of all known serovars and species of
Listeria and have been well characterised by serological and other typing methods (table
3.1.

).

Strain

CLIP"

L. monocytogenes

L. innocua

serovar

reference

InIA

inIB

InIE

InlF

inIG

inlH

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+
+

+

74902

1/2a

74903

1/2b

74904

1/2c

+

+

+

+

74905

3a

+

+

+

+

74906

3b

+

+

+

+

74907

3c

+

+

+

+

+

74908

4a

+

+

+

74909

4a b

74910

4b

+

+

+

74911

4c

+

+

+

74912

4d

+

+

+

+

74913

4e

+

+

+

+

74917

7

+

+

+

+

Ref

6b

74915

6a

74916

6b

Livanova

74914

5

12229

5

L. seeiiger

73021

1/2b

Lwelshi

73020

6b

+

+
+

+

L. grayi

Table3.1. Distribution of known cell wall associated Internalins among Listeria strains
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Chromosomal DNA was prepared by heat shock extraction from bacterial strains grown
in liquid medium. From the data presented in table 3.1, known cell wall internalins could
not be detected by PCR from serovar 4ab of L. monocytogenes and from all the other
Listeria species.

3.2.2. Investigation of the in/GHE gene cluster.
3.2.2.1. Internalin E;

The genes for internalin G, H and E are found in a gene cluster on the sequenced
Listeria monocytogenes genome. They are associated with virulence of the organism
however the mechanism by which they contribute to that virulence is unknown. The
three internalins are cell wall associated proteins and each contains a LPxTG anchoring
motif. Internal primers in the N-terminal region of each were designed to investigate the
presence of these genes in the selected Listeria strains listed below (table 3.2). Primers
designed to amplify a 572 bp region of the inIE gene in the sequenced strain gave rise to
amplification of three different sized bands of 177 bp (E2), 243 bp (E3) and 572 bp (El)
in different L. monocytogenes strains except strain 4ab (table 3.2.). The other Listeria
species were negative for inIE by PCR (figure3.14).

Amplified band

Band size

strains

El

572 bp

reference, 1/2a, 1/2c, 3a, 3c

E2

177 bp

1/2b, 3b, 4b, 4c, 4cl, 4e, 7

E3

243 bp

4a, ( 4ab, 4b, 4c, 4cl, 4e, 7)

Table 3.2. different sized fragments amplified using primers for inIE in various strains of
L. monocytogenes. () indicates a faint band present.

The PCR products of three examples of El, two of E2 and one of E3 were purified using
Quiagen Quick spin column purification. The PCR products were then sequenced using
BigDye terminator cycle sequencing and analyzed using ABI Prism™ 377 DNA
sequencer. Forward and reverse primers specific for the fragment, were used to obtain
sequence reads in both directions.
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Figure 3.15. : Diagramatic representation of the three sequenced PCR products of inIE

The sequences of the three different sized fragments were aligned using DNA strider
software (figure 3.15.). El, the 572 bp fragment from the reference strain was identical
in each of the three strains sequenced. E2 aligned to El but contained a 400 bp internal
deletion. The third 249 bp fragment E3 that amplifies using these primers does not align
with El, the fragment from inlE. This fragment is also discernible as a second faintly
amplified band in some of the strains containing E2 but is not present in the strains with
El. E1 and E2 appear to be preferentially amplified in all cases where they are present.

Analysis of the sequence chromatograph shows the presence of the E3 sequence in low
levels with the E2 sequence. Surprisingly, a BLAST search of this sequence against the
available sequence of the L. monocytogenes genome shows that E3 is not present in
this strain and neither is it present in the sequenced strain of L. innocua. A search
against protein databanks shows it has no homology to inIE and it may therefore be an
artifact of amplification.
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3.2.2.2. Internalin G and Internalin H:

In vitro enzyme-mediated amplification (PCR) of a fragment specific for the inIG gene
gives rise to a positive result for the reference strain and serotypes 1/2a, 1/2c, 3b, 3c,
4c, and 7 of L. monocytogenes and for L. /Vanov//(table 3.1). Similarly, amplification of
a fragment specific for inlH was detected in the reference strain and serovars 1/2a, 1/2c
and 3c of L. monocytogenes only. As these genes, together with inIE, are present as a
cluster on the sequenced strain, the inconsistent PCR data related to their distribution
between different strains prompted a closer investigation of this region.

Figure 3.16.: comparison of inIGHE regions in the sequenced strains of L monocytogenes and L innocua
(figure not drawn to scale)
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Alignment of the /n/-cluster region of L. monocytogenes with the corresponding region
from L. innocua identified a deletion of 5 Kb, which includes the inIGHE cluster. The
flanking genes ascB and dapE are present in L. innocua however the promoter region
of dapE is different between the two species. Upstream of this region is another
deletion in L. innocua. While downstream from the gene cluster is a gene in L. innocua
with homology to internalin, which appears to be, absent from L monocytogenes. A
summary of this genomic region is given in figure 3.16.

Primers were designed to the flanking regions of the cluster, which are shared with L.
innocua which would amplify a 983 bp DNA fragment in L. innocua and span a region
of 6 kb in the sequenced strain. PCR amplification using these primers gave rise to a
positive result in the three strains of L. innocua under investigation, serotypes 4a and
4ab of L monocytogenes and L. welshimeri. (figure 3.17.) As the size of the amplified
band is the same it can be taken that there is a deletion of the same size also, probably
encompassing the inIGHE cluster. It was decided to sequence the PCR products from
these six strains to identify potential sequence polymorphisms surrounding the deletion.
The PCR products were purified and sequenced as in Section 3.2.2.1. of Results

Alignment of the DNA sequence obtained from the purified PCR products above using
DNA strider and ClustalX software identified the same deletion in strains 4a and 4ab of
L.monocytogenes and similarly in the L.innocua strains sequenced. The deleted region
of L. welshimeri shows some, but not complete homology to the other strains (figure
3.18.).

LM-4a
LM-4ab
ina-ref
ina-6a
ina-6b
L.welshi

ATT7VATCTAAATCTTCACCATTTGTTTCAATTACTTTTTTATACCAGAAG
ATTAATCTAAATCTTCACCATTTGTTTCAATTACTTTTTTATACCAGAAG
ATTAATCTAAATCTTCACCATTTGTTTCAATTACTTTTTTATACCAGAAG
ATTAATCTTVAATCTTCACCATTTGTTTCAATTACTTTTTTATACCAGAAG
ATT7VATCTAAATCTTCACCATTTGTTTCAATTACTTTTTTATACCAGAAG
--TAACCTAAATCTTCCCCACTAGTTTCAATCACCTTTTTATACCAGAAG
★ ★★

•k'k'k'k'k'k'k'k-k'k

-k ic

-k

kkkkkkkk

k k
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Figure 3.18: Alignment of sequenced regions of the inIGHE deletion in 4a and 4ab of L. monocytogenes, the
reference strain and strains 6a and 6b of L. innocua and L. welshimeri.
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3.2.3. Search for LPxTG proteins:

Several Gram positive organisms use the LPxTG motif as an anchor for cell wall
associated proteins. The internalin family of proteins of L. monocytogenes except for
InIB, all contain this motif. These proteins are associated with virulence and in an
attempt to identify other possible virulence determinants, a genome-wide search for the
consensus sequence of the LPxTG motif was carried out using the following pattern:

(l,L) P

X

(A,T) (S,G) (S,T,A,G,V,D,E,) x {19,29} (K,R,H) x (0,2) (K,R,H)

note: () denotes any one of the amino acids contained in the brackets, x denotes a random amino
acid and {} implies a chain of amino acids varying in number between those given in the brackets

A total of 37 putative proteins containing the LPxTG motif were identified by this
investigation. These were designated LP1 - LP37. Interestingly, two almost identical
copies of LP11 were found at separate locations on the chromosome. A search of
these putative protein sequences was performed against protein databanks to identify
known proteins in the group. This allowed for the identification of the known members
of the internalin family of proteins, which correspond to an LP protein.

LP3..................... InIE
LP6..................... InlF
LP20................... InIA
LP35...................InIG
LP36...................InlH

The remaining 32 LP proteins have no known homologues or designated function.
Their sequences were searched against the available L. innocua sequence data. In
addition to the known internalins listed above LP4, LP8, LP11, LP13, LP16, LP18,
LP19, LP24, LP26, LP27, LP28, LP30, LP33, LP34, and LP37 were found to be absent
from L. innocua on the basis of a BLAST search.
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3.2.4. PCR amplification of LPxTG proteins:

The fifteen LP proteins listed above which are absent from L innocua and are not
among the known internalins were chosen for further investigation. Primers were
designed to anneal to a gene specific fragment in the corresponding N-terminal regions
of these genes and standard PCR reactions were carried out and PCR products were
visualized on agarose gels using molecular weight marker size controls. Figure 3.19
shows as an example, the amplification results of LP 19 in the different Listeria strains
using the primers designed from the L monocytogenes reference strain. Successful
amplification of LP 19 occurred in ail but two (strains 4a and 4ab) of the L
monocytogenes strains but not in any of the other Listeria species. A summary of the
results for all LP proteins investigated is given in table 3.3. Each strain is given a plus
mark for a successful amplification of an LPxTG protein.
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+
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Table 3.3. PCR results for amplification of LPxTG proteins.
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Amplification of specific fragments of the chosen LPxTG proteins has shown that
several of these proteins which were thought to be absent from the sequenced L.
innocua strain are in fact present as identified by PCR. This is probably due to the fact
that the BLAST search for these proteins was carried out on an incomplete L. innocua
genome, lacking sufficient coverage of the genome to identify the genes using a
homology search. Possibly these genes may have been divided between various
contigs or remain to be sequenced.

3.2.5. LPxTG proteins in L. innocua:

Proteins containing the LPxTG motif were also sought in the sequenced genome also
present in L. innocua. By searching the available genome sequence data of the
organism 17 of these proteins were identified. Eleven of these correspond to LP
proteins of L. monocytogenes while the remaining six appear to be specific for the
L. innocua genome. Two of these, ina733 and ina730, were chosen for further
investigation. They were named after the contigs in which they were first identified.

3.2.5.I. ina730:

A BLAST search of contig 730 of L. innocua with the available sequence data of
L. monocytogenes identified that the region upstream from the ina730 gene
corresponds to a region of contig 231 and the region downstream corresponds to contig
100 of L. monocytogenes. A region of 4.2 Kb present in L. innocua appears to be
deleted from the genome of L. monocytogenes. This area contains the ina730 gene, a
second complete gene and part of a third (figure 3.20.). As the third gene is truncated
we can conclude that the absence of ina730 in L. monocytogenes results from a
deletion event.
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ina730
3140

7340

Figure 3.20: Comparison of regions encompassing the ina730 region in the sequenced strains of
L. monocytogenes and L.innocua

Primers were designed from the sequence of L. innocua within the N-terminal region of
the ina730 gene to amplify a 410 bp fragment. PCR was carried out for all of the 22
strains of Listeria under investigation. Amplification occurred for L innocua, L
welshimeri, L seeligeri and for strain 4ab of L monocytogenes (results not shown).
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3.2.5.2. “ina733”:

Likewise, an LPxTG protein present in contig 733 of L innocua was identified which
appeared to be deleted in L monocytogenes. The flanking regions are present in contig
212 ofL. monocytogenes (figure 3.21.). As before, primers were designed to amplify
400 bp specific to this LP-protein. Amplification occurred in L innocua, L seeligeri an6
strain 4ab of L monocytogenes (figure 3.22.). Except for L welshimeri, ina730 and
ina733 showed the same distribution within the genus Listeria.

Ina733
2655
14

I

421 501

1160

253t)

3293

6487

7707

8460

..>1

similar to
E.coli gene

ina LPxTG-Protein

ydel of
no similarities
B. subtilus

similar to inlF

3-1^-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------

14980

14575

13910

12282

y'

LM212

5 KB deletion in
L,monocytogenes
Figure 3.21: Comparison of the region surrounding the ina733 protein in the sequenced strains of
L. innocua and L. monocytogenes.
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3.2.6. Identification of “Internalin-like” proteins in L. monocytogenes:

In an attempt to identify further putative virulence factors, genes with homology to the
known virulence factors, internalins, were sought in the sequenced Listeria genome. To
carry out this search, the published protein sequence of Internalin A (InIA) in fasta
format was searched against the available sequence data of the entire L
monocytogenes genome. The results identified several contigs containing sequence
reads with significant homology to InlA. Twenty putative ORFs with homology to the inIA
gene were identified including the actual inIA gene itself, which gave 100 % homology to
the query sequence (as the database entry is also from L. monocytogenes EGD, the
same strain sequenced).

These sequences were individually searched against protein data banks and in this way,
identified the seven previously reported internalin genes: inIA, inIB, inIC, inIE, inlF, inIG
and inIH. The published sequences of these other known internalins were then
searched for in the L monocytogenes genome to identify regions of significant protein
homology and the results pooled (table 3.4.).

The pooled results identified eight ORFs with homology of greater than 30% to the
known internalins. Using a BLAST search against L innocua sequence data, these eight
ORFs were found to be absent from the genome of that organism. Several of the other
ORFs with internalin homology were present in the genome of the sequenced L
innocua. The eight chosen ORFs were designated internalin-related proteins (irps) for
the purpose of the study and were designated a number based on the contig number in
which they were first found.

Contig no.
129

Internalin
InIA
InlB
InIC
InlH
InlF
InlG
InlH

% Identity
33
39
29
34
30
35
36

% homologv'
53
58
51
56
48
57
57
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Contig no.
215

Intemalin
InlA
MB
InlC
ME
ME
MG
MH

% Identity
31
29
31
30
31
31
28

% homology
51
48
50
49
54
49
48

Contig no.
251

Intemalin
MA
InlB
MC
ME
InlF
MG
MH

% Identity
33
34
30
35
38
37
34

% homology
51
54
56
57
62
58
55

Contig no.
245

Intemalin
InlA
InlB
MC
ME
ME
MG
MH

% Identity
31
27
34
25
23
26
27

% homology
51
49
52
48
45
45
49

Contig no.
145

Intemalin
MA
MB
MC
InlE
ME
MG
InlH

% Identity
30
27
28
23
29

% homology
48
45
52
42
51

25

44

Intemalin
InlA
MB
MC
ME
MG
MH

% Identity
24

% homology
40

29
27
30
28

50
50
50
53

Contig no.
200

Intemalin
MA
MB
MC
ME
ME
MG
MH

% Identity
24
25
26
24
27
24
27

% homology
41
47
43
46
50
46
48

Contig no.
238

Intemalin
MA
MB
ME
MG
MH

% IdentiE
28

% homology
42

26
29
32

42
47
53

Contig no.
242

Table 3.4: Open Reading frames (ORFs) of the L monocytogenes sequence which have homology to known
internalins.
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3.2.7. Protein motif search in Internal in-related proteins:

The chosen irps were searched for protein motifs using the “PRINTS” search vehicle,
which is available on the Expasy molecular biology server (http://www.expasv.ch/). This
indicated the presence of Leucine-rich repeats (LRRs) in all of the chosen irps. Using
the GMPTB toolbox software (software specifically developed by the Laboratoire de
Genomique des Microorganismes Pathogenes for this purpose) a genome-wide motif
search was carried out on the L monocytogenes genome using the following consensus
sequence and allowing for two mismatches:

X (L.l) X X (L.l) X (L,l) X X N X(L,I) X X (L.l) X X (L,l) X X (L,l)

This revealed the presence of a large number of ORFs containing varying numbers of
LRRs including ORFs containing the known internalins and also the irps under
investigation. Comparison of the irps with the results from the LPxTG-protein search
revealed that several of the irps are also LP proteins (table 3.5.).

irp
irp129
irp215
irp251
irp245
Irp145
irp242
irp200
irp238

No. of LRRs
5
12
1
5
1
3
2
1

LPxTG
LP37
LP19
LP8
LP24
LP13

LP18

Table3.5. “intemalin-like proteins” with their numbers of
LRRs and LPxTG number.
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3.2.8.Amplification of irps using PCR;

Comparison of N-termini and C>terminal anchor regions;

Internal primers specific for each of the eight “irps” were designed and an amplification
carried out by PCR using the Listeria strains listed in the previous section. The same
PCR conditions were used and the products visualized on a 1.0 % agarose gel as
before (Materials and Methods section 2.5). Figure 3.23 shows PCR amplification using
the primers designed for “irp “215. Amplification of irp 215 has occurred efficiently in all
strains of L. monocytogenes except strains 4a and 4ab. The “irp “215 gene appears to
be absent from the other Listeria species.

The C-terminal LPxTG region had previously been amplified in the six irps which contain
an LPxTG motif The resulting amplifications were compared with the results from PCR
of the N-terminal regions of the irps as can be seen in table 3.6. Also present in this
table are the results of PCR amplification of separate regions of the N-terminal and the
C-terminal of the inlF gene.

Scmvar
Seroviir

Strain

Lmono

Linnocua

L ivanovii
L.seeligei
L. welshi
L gray!

iiiW

I.Pft

ref
1/2a
1/2b
1/2c
3a
3b
3c
4a
4ab
4b
4c
4d
4e
7
ref
6a
6b
5
5
1/2b
6b
+

Table 3.6. PCR amplification of intemalin -related proteins and their LPxTG anchor regions, where present, and also
amplification of inlf and the C-terminal of' inlF
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InlF is found on the L. monocytogenes chromosome on a locus separate from the inlAB
and the inIGHE gene clusters. It is an LPxTG protein (LP6) and is absent in L innocua.
Two sets of PCR primers were designed to amplify different regions of the gene. One
set of primers was designed spanning a 260 bp region of the “internalin-specific” Nterminal region. The second set of primers was designed to amplify a 442 bp region
located in the C-terminal LPxTG anchor region (LP6). The two regions do not overlap
(figure 3.24.).

inlF gene of L. monocytogenes (LP6)

Region A

Region B

LPxTG anchor
5240

4040

I

►

LM 181

I

► ◄

◄

260 bp fragment

617

420 bp fragment

Figure 3.24 : Diagramatic representation of InlF showing regions of PCR amplification.

PCR amplification of the different strains with these two sets of primers gave different
results. Amplification of the LP6 region yielded a positive result in all strains both
pathogenic and non-pathogenic except the sequenced strain of L. innocua (figure 3.25
and table 3.6). The N-terminal fragment only amplified in strains 1/2a, 1/2b, 1/2c, 3a,
3b, 3c, 4b, 4d, 4e, 7, and the reference strain of L monocytogenes (figure 3.26). These
results indicate that the entire InlF protein is specific to the above listed serovars of
L. monocytogenes. L monocytogenes 4a, 4ab and 4c strains do not possess the gene.
The anchor region containing the LPxTG motif is common to ail species under
investigation while the C-terminal region is found only in the pathogenic species
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L. monocytogenes.

Comparison of amplification results of “irp”238, “irp”145 and “irp”215 with the results of
their respective C-terminal LPxTG regions give similar results to those of inIF. For
these three LPxTG proteins of unknown function, the C-terminal anchor region is
present in most Listeria strains while the N-terminal region is specific for certain
serovars of L. monocytogenes.

PCR amplification of “irp”251 yielded a positive result for the L. innocua strain. This was
later verified with a BLAST search against the L. innocua genome sequence. The
original absence of the sequence from L. innocua may have been due to incomplete
genome coverage in the early assemblies that were used for comparison.

3.2.9. Further investigation of "irps":

3.2.9.I. "irp"129:

A 500 bp fragment of the “irp”129 gene was amplified by PCR in the sequenced
reference strain and in 1/2a, 1/2c and 3c of L. monocytogenes and in L. welshimeri.
The absence of PCR amplification in the remaining 10 strains of L. monocytogenes and
in the other Listeria species prompted further investigation of this gene (table 3.6).
Contig 129 was searched against the sequence of L. innocua. Regions flanking the
“irp”129 ORF were found to be present in L. innocua using a BLAST search. Sequence
alignment of these regions of the two genomes reveal a deletion of 2.15 Kb in L.
innocua which encompasses the area coding for “irp”129 (figure 3.27.).
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Figure 3.27. Sequence comparison of the region containing “irp”129 in L monocytogenes and L. innocua

To investigate if the L monocytogenes strains lacking this putative protein contain a
deletion similar to that found in L. innocua, a set of primers was designed in the regions
flanking the ORF which are present in L. innocua. These primers were designed to
amplify a fragment of 720 bp in L innocua and 3.0 Kb in strains which contain “irp”129.

Figure 3.28. shows the amplification of “irp”129 which appears to be specific to four of
the strains under investigation using internal primers. Amplification using external
primers flanking the deletion in L. innocua yields a PCR product of approximately 3 Kb in
the reference strain and serotypes 1/2a, 1/2c and 3c (figure 3.29.). This indicates that
the deletion encompassing the “irp”129 ORF is identical in all the strains where it
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occurs. These amplified regions should in the future be sequenced to verify whether or
not the deletions are the same at the nucleotide level.

3.2.9.2. "irp"200:

A 560 bp region of “irp”200 was also amplified using internal primers in only the
reference strain and serotypes 1/2a, 1/2c and 3c of L monocytogenes (figure 3.30).
Sequence alignment of this contig with L innocua identifies the upstream flanking region
of the ORF to be present in contig 541 of L. innocua and the downstream flanking region
in contig 413 (figure 3.31).

Figure 3.31. : Sequence comparison of the region spanning “irp”200 in
L monocytogenes and L. innocua
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Primers were designed in these regions of shared sequence, which would amplify a
region of approximately 1 Kb in L. innocua and would span a 6.0 Kb fragment in strains
which contain the “irp”200 ORF. PCR amplification using these external primers
yielded only a positive result for the three strains of L. innocua under investigation
(figure 3.32.). This indicates that while strains of L. innocua carry that same deletion,
which includes the “irp”200 gene, this deletion is not shared by the other Listeria strains
which also lack this “irp”200 gene.

Discussion

4. Discussion;
The Internalin family of proteins has been extensively studied as virulence determinants
of L. monocytogenes. InIA and InIB are necessary for internalization of the bacteria into
certain host cell lines. This has been demonstrated by loss of internalization following
the disruption of the genes and by the ability to confer invasiveness to the normally
non-invasive L. innocua when complemented with the genes coding for inlAB (Cossart
1998, Lebrun 1996).

Six related genes were identified which hybridized to an internalin A probe under low
stringency conditions. While inIA and inIB have defined roles in internalization (Gaillard
1991, Cossart 1998) these Internalins C, C2, D, E, F, G and H are ail associated with
decreased virulence when disrupted but their actual roles in virulence have not been
established (Dramsi 1997, Engelbrecht 1998). InIA, B, E, F, G and H are present as cell
wall associated proteins in the sequenced L. monocytogenes strain and the
corresponding genes are all absent from the sequenced L. innocua genome. While the
distribution ot inIA and inIB among the different serovars of Listeria has been previously
studied (Vines, 1998), the distribution of the remaining internalins has not. To this
purpose, primers were designed to amplify regions specific to these internalins and
PCR was carried out on the various serovars.

Surprisingly, all the cell wall associated internalins appear to be absent from
L. monocytogenes strain 4ab. Strain 4a also lacks inIE, inlF, inIG and inIH. Internalin
E, where present is found either in its full form or in a truncated form, which when
sequenced shows a 400 bp deletion. InlF is also absent from serovar 4c while inIG and
inIFI have a limited distribution. These results are unexpected, as inIG, H and E are
present as a gene cluster on the sequenced strain. Serotypes 1/2a, 1/2c and 3c
appear to contain the entire gene cluster while the other serotypes are missing either in
full or at least in part of one of these genes. Sequencing of this genomic region in all
the L. monocytogenes strains and comparison of the results with virulence study
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information might cast further light on the role, if any these internalins play in virulence
(e.g. using gene disruption).

The availability of extensive sequence data for L. monocytogenes allowed a more in
depth in silico approach to search for further proteins, which may belong to the internalin
family but were not identified by conventional molecular techniques. Homology
searching of the entire genome for ORFs with sequence similarities to the known
internalins was a very useful first step in this process. Once an ORF with significant
homology was found, it was more closely analysed for subtle sequence motifs (i.e.
LRRs and LPxTG anchor), common to the internalin protein family. To narrow the
choice of ORFs for investigation to possible virulence determinants, only those which
were absent from the sequence data of L. innocua were chosen.

In vitro enzyme-mediated PCR of the eight internalin-related proteins (irp) yielded a
variety of patterns among the various strains of L. monocytogenes. “Irp” 251 and “irp”
242 were shown to be present in at least one of the strains of L. innocua and therefore
are unlikely potential virulence determinants. Of the remaining six irps, there was no
obvious correlation between a particular pattern of irps and strains of L. monocytogenes
which are most commonly implicated in food borne outbreaks i.e. 1/2a, 1/2b and 4b.
The two irps, which are common to these three strains, “irp”238 and “irp”215, are also
present in all the other strains except 4a and 4ab. This suggests that the irps do not
play a major role in epidemic outbreaks. However as these six irps are exclusive to L.
monocytogenes, it is quite possible that some or all of them have a role in the
pathogenic process. As irps are also found in non-pathogenic L. innocua and other
non-pathogenic species, internalins may comprise a large family of proteins with
diverse roles in internalization (e.g. inIA), virulence factors other than internalization
(e.g. inlF), and processes other than virulence (e.g. “irp”251 and “irp”242).

Many Gram positive bacteria express cell-surface proteins, which are involved in
protein-protein interaction and fulfil a variety of functions particularly during host
infection. Studies of some of these proteins have revealed a C-terminal sorting signal.
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which is sufficient and necessary to anchor the protein to the cell wall. Proteins with
this LPxTG motif are cleaved by an enzyme called sortase and anchored by a universal
mechanism (Ton-That, H. et al, 1999).

All of the reported internalins with the exception of InIB and InIC, which are secreted
proteins, contain this cell wall anchor motif (Dramsi et aL,\993\ Navarre and Schneewind,
1994). The availability of an entire genome sequence has made it possible for the first
time to search for the presence of this motif in unreported proteins of a genome. Thirtyseven such putative proteins have been identified in L monocytogenes with only seven
of those having been previously characterized.

While some of the remaining 30 are possibly involved in virulence, at least 11 of them
are present in the L. innocua genome and must therefore have different functions. A
genome-wide search of the L. innocua genome also identified several LPxTG proteins
which are absent from L. monocytogenes, underlining the fact that not all LPxTG
proteins are necessarily be involved in host infection. But due to the fact that they are
all targeted to the cell wall, it is likely that these proteins interact either with the host or
with the extra-cellular environment.

Fifteen of these LP proteins were chosen for further investigation including inIE, inlF,
inlH and inIG and “irp”145, “irp”215 and “irp”238. Primers were designed to amplify
regions of the C-terminus of each of the LP proteins. The resulting amplifications by
PCR gave surprising results. Practically all 15 LP-proteins amplified with all of the L.
monocytogenes strains except 4a and 4ab. While this was to be expected, the positive
results obtained for many of the LP proteins including inlF with L. innocua and the other
non-pathogenic species were surprising.

One or two of the discrepancies might be explained by an insufficient coverage of the L.
innocua genome at this time, which masked some of the LP-proteins present. But the
high number of positive results could not be explained in this way especially in the case
of inlF, “irp”145, “irp”215 and “irp”238. The three irps gave positive amplifications only
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in certain strains of L.monocytogenes when amplified using primers designed to their Nterminal regions while C-terminal primers yielded amplification for almost all species
including L. innocua. One theory, which might explain these results is that while the Cterminal anchor region is common to all or most species of Listeria, the N-terminal
region which determines the activity or function of the protein, is inserted and forms a
fusion protein only in specific strains (i.e. certain strains of the pathogenic L.
monocytogenes). Alternatively, the active N-terminal region may be deleted in strains
resulting in loss or change of function in these strains.

To test this hypothesis, primers were designed to the corresponding N-terminal
region(s) of inIF. InlF is involved with virulence and the protein is specific to L.
monocytogenes. Amplification of the N-terminal-encoding DNA fragment occurred in all
serotypes of L. monocytogenes with the exception of 4a and 4ab while amplification of
the C-terminal anchor region occurred in all strains and species. These results would
indeed suggest that loss of the N-terminal region alone might be sufficient to lead to
loss of gene function. And if that gene has a role in virulence, then loss of the Nterminal part of the LPxTG protein may contribute to reduction of virulence in nonpathogenic bacteria.

The availability of the entire genome sequence of two related organisms is also of
tremendous value in the study of evolution of the species. Even in their incomplete
stages of sequencing, comparison of the pathogenic L. monocytogenes and the nonpathogenic L. innocua has revealed insights into their evolutionary relationship which
may be a first step towards re-evaluating that relationship.

L. innocua is generally referred to as the non-pathogenic variant of L. monocytogenes
although it has only two serotypes compares to 11 of L. monocytogenes as they are
thought to have diverged more recently than the other Listeria species. By studying
certain genes among the 11 serotypes of L. monocytogenes and the two of L. innocua
it is apparent that some strains of L. monocytogenes are more similar to L. innocua
than others on the basis of the presence or absence of these genes in the genome.
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For example, consider serotypes 4a and 4ab, which are missing the following genes;
“irp”38, “irp”215, “irp”129, “irp”200, LP19 and LP28, identified in the sequenced
L. monocytogenes. Serotype 4a also lacks LP4 and LP26 and serotype 4ab lacks
“irp”145, LP27 and LP33. These genes are absent from the sequenced strain of
L. innocua. Perhaps an even more relevant point is that serotypes 4a and 4ab, lack
inIG and inlH, the corresponding N-terminal regions of inlF and inIE, all of which
contribute to virulence. (Amplification occurs in 4a with primers designed for inIE but
the amplified fragment has no homology to inIE).

As inIGHE genes are clustered in L. monocytogenes and this cluster was missing in L.
innocua, amplification of this region in all strains would test the organization of this
region. A 980 bp region was amplified in L innocua spanning the deletion, with a similar
sized fragment detected in 4a and 4ab of L. monocytogenes and in L. welshimeri.
Sequencing and alignment of these amplified DNA fragments showed them to be
identical in L. innocua and in 4a and 4ab of L. monocytogenes. L. welshimeri showed
considerable (but not 100%) homology in the region.

The availability of sequence data for L. innocua allowed the identification of LPxTG
proteins. By comparison to the L. monocytogenes genome, several LP-proteins absent
from L. monocytogenes were noted. To examine if these were also absent in the other
strains of L. monocytogenes, primers were designed to amplify two of these proteins
which appeared by sequence alignment to be absent from L. monocytogenes. PCR
reaction with these primers yielded amplified fragments in the three strains of L.
innocua, L. seeligeri and 4ab of L. monocytogenes. These results together with those
above all point towards a closer relationship between the serotypes 4a and 4ab of L.
monocytogenes and L. innocua than considered previously to exist.

There are three possible theories to explain these observations. The first is that after
divergence from a common ancestor, horizontal gene transfer occurred between
L. innocua and 4ab of L. monocytogenes explaining the presence of the two L. innocua
specific LP-proteins in 4a. Then specific recombination events occurred in L.innocua
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and in 4a and 4ab of L. monocytogenes leading to several identical deletions (e.g. the
deletion of the inIGHE cluster).

The second explanation is that a common ancestor gave rise to, on one hand, bacteria,
which would diverge to form the two main sero-groupings, and on the other hand to a
strain which more recently diverged to give L. innocua and L. monocytogenes 4a and
4ab of L. monocytogenes. While horizontal gene transfer would account for the
presence on 4a of L. innocua specific genes, the second explanation is more plausible
as it is unlikely that so many identical deletions would occur at random in different
species. The third explanation is that a combination of these two evolutionary
processes occurred.

That further divergence has occurred between L. innocua and 4a and 4ab, can be seen
as they do not always show the same results (e.g. the deletion which accounts for the
absence of “irp”129 is not the same in the two strains of L. monocytogenes as it is in
L. innocua).

On the basis of serotyping and PFGE profiling, L. monocytogenes strains fall into two
genomic divisions. Genomic division 1 including 1/2a, 1/2c, 3a and 3c, while genomic
division 2 consists of 1/2b, 3b, 4b, 4d and 4e. These divisions correlate to some
degree with the results of PCR of the chosen genes. The fact that 4a and 4ab do not
fall into either genomic division also correlates with the results previously discussed.

Conclusions
And
Future Directions

5. Conclusions and Future Directions;

5.1. Conclusions;

(i) Whole genome sequencing of Listeria innocua was carried out using a random
shotgun approach. This allowed for some initial in silico comparative analysis between
this non-pathogenic bacteria and its pathogenic counterpart, Listeria monocytogenes,
which is also being sequenced in a similar manner.

(ii) The distribution of the known cell wall associated internalins was investigated among
the different serotypes of the genus. This identified a serovar, 4ab, in which all these
internalins are absent and it also showed a varying distribution of the genes of the
inIGHE cluster in the different serotypes of L. monocytogenes.

(iii) A large number of putative proteins containing the LPxTG-anchor motif were
identified in the genomes of L. innocua and L. monocytogenes. Some were found to be
shared by the two, while others were specific to one or the other of the genomes.
LP24, LP27 and LP33 are specific to L. monocytogenes and therefore may be potential
virulence candidates. Ina733 and ina730 containing LP-encoding proteins that appear
to be specific to non-pathogenic strains and this indicates a role other than virulence for
some of these cell-surface proteins.

(iv) Several putative virulence genes were identified in the genome of L.
monocytogenes on the basis of their similarity to the internalin genes, which play a role
in internalization during host infection. These genes were found to be absent from
certain strains of L. monocytogenes by PCR. The presence or absence of certain
proteins (e.g. LP37 and LP24) in the strains under investigation correlates well with the
Genomic Groupings I and II assigned to L. monocytogenes. Strains 4a and 4ab of L.
monocytogenes appear to be more closely related to L. innocua than the other strains
under investigation.

19

5.2. Future Directions;

(i) Comparative analysis of the completed genomes of L. monocytogenes and L.
innocua will permit identification of possible virulence determinants by subtractive
hybridisation in silico and verification of their presence or absence in the other strains.

(ii) Potential virulence determinants identified in this way will be subjected to functional
and virulence studies.

(iii) Strain specific genes will be used to construct DNA micro-arrays, which will be
developed with a view to distinguishing pathogenic from non-pathogenic strains for use
in the food industry. Characterized gene fragments will also be used as probes to
obtain an overview of the genetic content and metabolic activities of different strains
under varying conditions.
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Appendices

7. Appendices

Appendix 1. Primers used for PCR:
InlF-F 5’ ATG ATG AAA GTA ATA TCC CGG C 3’
InlF-R 5’ GCC TGC GAA CGA TAT TAG TTT 3’

236bp

145-F 5’ AGG TCA CTG GTA ATC GTC CC 3’
145-R 5’ TCA GAC TGT CAA ATT ACT AAC TTC 3’

597bp

238-F 5’ TGA CGT CTT CTC CTT TGA TGG 3’
238-R 5’ TAG ACT GCC AAG CCG CTG G 3’

480bp

242-F 5' GGA TGC ATT AAC TGG TTT GGG 3’
242-R 5’ ATG GTA TCT AAT ACA TTA GAC GG 3’

645bp

1555-F 5’ GTT ATA ACAGGGCGTTCTCCT 3’
I555-R 5’ TGA TGG TGT AGC GGG CAC G 3’

56lbp

245-F 5’ GGA TAA GAG TGT TTC GTA CGC 3’
245-R 5’ CTG CCT GGC TTG GAA GTA TC 3’

642bp

215-F: 5’ CCTCGATTAACCATATTAGCG 3’
215-R: 5’ CTl GGAGACGTTTAATGCGC 3’

560bp

251-F: 5’ CAAGTGAGTGATTTAGGGCC 3’
251-R: 5’ CACATCCTTGATTTGATTCCC 3’

392bp

Internal 129-F: 5’ AACAGATATATCACCAGTGGC 3’
129-R: 5’ CGTAGTTAGATTGGCTACTGG 3’
External

129-F: 5’ AGA TAG CGC CAT AAA TCG GC 3'
129-R; 5' ATA TTT C AG TGC ATT TTC TGG G 3'

Internal 200-F: 5’ TGCAATTACTAGAGCGTGCC 3’
200-R: 5’ ATTTGATCTGGCACGGTCCC 3’
External

495bp

200F: 5' TCC GCA TGC AGA ACG TCG G 3' _
200R: 5' TCA TTT TAT GGC TGA AAC GGC 3'

3l

545bp

LP4-F 5' CAC CTA TAA AGT TAG CTT CTG C 3'
LP4-R 5’ AGT CAC GTA CAC ATA TGA CGG 3'

577bp

LP-8-F 5’ AGG TGT TTA TGC GAA TGG CG 3’
LP-8-R 5’ ATA GAC TAG ATG TCA TTC CGC 3’
LPll-F 5' ATT AGG TAT GTC TCT TGC TGG 3’
LPll-R 5' AGA GTT CGT CGA TAA GGT GC 3'

361bp

LP13-F 5’ TAC TAG TAT AGT CAG GGT TCG 3'
LP13-R 5' ACG CTG ATA TAA TTC CAG ACC 3’

450bp

LP16-F 5' AGG CAC CTG CTT GCA TCG C 3'
LP16-R 5' Al A AAG AAA ACCCTGCTGTGC 3'

553bp

LP18-F 5' ACG GAC ACC ACT TTC ACG G 3'
LP18-R 5' CTC CAG ATA ACG CAA CCG G 3'
LP19-F 5' GTT TTA CTT CTA TCT ACT ACG G 3'
LP19-R 5' TGC TAC GAA TGA AGA CGG CG 3'

458bp

470bp

FP-24-F 5’TA(i ATACTTCCA AC.CCAGGC 3’
LP-24-R 5’TGTTTCTGG AAG ATTCATTGGC 3’
TP26-F 5' CTA CTT CCT GAC TAT CAC TCG 3’
FP26-R 5' CAA CAA ACG CAA CAG GCA CC 3'

472bp

LP27-F 5’GCT AGT AGT CCA ATT AAT GTG G 3'
LP27-R 5' GAA TAA AAC TAA GCC AAT TCC G 3'

231 bp

LP28-F 5' TTT GAC AGG ATT TGT ATC GCC 3'
LP28-R 5' TCA CAG ATG TTT TGC CAG GG 3'

432bp

LP30-F 5' CCA ACA AAT GAT GGA ACA GCG 3'
LP30-R 5’ AAT CCT ACT GTT GCA CCT GC 3'

376bp

LP33-F 5' TAA GGA CGA GCA CTA AGC CC 3'
LP33-R 5' GTA CTA ATC AGC TTT TGT GGG 3'

237bp

LP34-F 5' GGT GTT ACA GGT TTG GAG CG 3'
LP34-R 5’ TCA GGA ACG GAA ACG GGT G 3’
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447bp

LP-37-F 5’ ACT AAA TGC AGT AGA TAC GGC 3’
LP-37-R 5’ AAT TTG TCT CCG GTT TTA GGG 3’
InlA-F
InlA-R

5’ ATG GAT AAC ACG AGT AAC GG 3’
5’ ACT AGT TAA ACC TGA AAG CGC 3’

InlB-F
InlB-R

5’ AAT GGT ATA AGT GAT ATA AAC GG
5’ TAG ATG CCT GCA TTC CCG C 3’

InlE -F (LP3) 5' AAC ACT GCT CGG AAA AGC GG 3'
InlE -R (LP3) 5' GTT GGG TAA TTT TGC AAG CGG 3'

586bp

InlF -F (LP6) 5' CCA GTG CGA AAT ATG ACG CG 3’
InlF-R(LP6) 5' ACT GCA AAT AAG TCA CAT GGG 3'

442bp

InlG-F (EP35) 5' TAG ATA GTT TCA CGA GTG AGG 3'
InlG-R (LP35) 5' CCA TCC TAC AAA TGT GTA GCC 3'

450bp

InlH-F
InlH-R

5’ AAC TAC TTT ATC AGC ATT TGG G 3’
5’ TGA AGT ATT CGC AAG TGG GC 3’

InIGHE 216-F: 5' TCT TCG TTA ACG TCT GCC GC 3'
216-R: 5' TCA TTG CAA TAA CCA TCG CCG 3'
ina733-F: 5' ATT CGG CTG GTA AAA GTC CC 3'
ina733-R: 5’ TTT CTT TTA TTT CGG TGT AGC C 3’
ina730-F: 5' AAG TTG CGT TTT CTG ATG CCG 3'
ina730-R: 5' TCT GAG ACA ACT CAG ATT GGC 3'
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Appendix 2. Molecular weight markers

Band Size

Band Size (bo'i

Snuiri Ladder -Moiecular weight
markers. Eurozentec. Bel . S.-\

1 Kb ladder- Molecular weight
ma-kers, GibcoBRL. Life Technologies
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Appendix 3. Cloning Vector pcDNA2.1
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